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In this thesis, approaches to grow high quality GaN-based nanostructures on 
Si(100) substrate were developed. Due to the large coefficient of thermal 
expansion (CTE) mismatch of 56% between the Si substrate and the GaN 
layer, the use of surface-patterned/modified Si substrates help to reduce the 
cracking of the as-grown GaN epilayer. The III-nitride [Ga(Al, In)N) films 
were deposited on the Si(111) sidewalls that were exposed on the Si(100) 
substrate after potassium hydroxide (KOH) anisotropic etching. 
Triangle/hexagon array of the anisotropically exposed Si(111) facets side-
walled holes was found to be critical to obtain coalescence of the GaN 
epilayer after it had overgrown above the etched holes.  
 
In another experiment, the quality of the GaN epilayer grown on the exposed 
Si(111) facets of the V-shaped trenches on the Si(100) substrate was 
contrasted with the GaN epilayer grown on the planar Si(111) substrate. 
Higher surface quality of the exposed Si(111) facets were obtained for cases 
where the trenches were aligned either perpendicularly or parallely to the 
Si[011] crystallographic direction. Vicinal surface induced steps on the 
exposed Si(111) facets resulted in crystallographic tilt between the (0002) 
plane of the III-nitride epilayers and the Si(111) plane. This crystallographic 
tilt was found to be related to the improvement of the crystal quality and the 
enhancement of about 5 times higher internal quantum efficiency (IQE) of the 
GaN epilayer grown on the exposed Si(111) sidewalls of the V-groove 
trenches compared to the GaN epilayer grown on the planar Si(111) substrate.  
! x!
To further study the effects of surface steps on the properties of the as-grown 
GaN epilayer, the height of the steps was engineered by misaligning the 3 µm 
wide trenches at predetermined angles α, (i.e. 2, 4 and 6o) away from the 
Si[011] crystallographic direction. The misaligned trenches exhibited steps 
with different heights on the exposed Si(111) facets after anisotropic etching 
in KOH solution. 50 nm thick AlN buffer layer was deposited on the slanted 
Si(111) facet with AlGaN as an interlayer. The growth structure was 
terminated with 500 nm – 1 µm thick GaN epilayer. It was found that GaN 
epilayer grown on the V-grooves aligned at 6° away from the Si[011] 
direction had the lowest threading dislocations (TDs) density of about 2.1 x 
108 cm-2 which was about two order of magnitude lower than the TDD in other 
GaN samples with different misalignment angles. The reduction in the TDs 
was achieved through the bending of the dislocations away from the GaN 
epilayer by the 3D islands of the AlN buffer layer. From the above 
observation, GaN/InGaN(10-11) rod with a triangular cross section was grown 
lying on a single Si(111) sidewall of the etched V-groove. The other Si(111) 
sidewall was completely isolated from the GaN deposition. The deposition of 
the GaN/InGaN triangular rod on the single sidewall of the V-grooves was 
achieved by aligning the trench’s longitudinal axis perpendicularly to the flow 
direction of the precursor gas within the boundary layer over the substrate. 
This method promises to be cheaper and a reproducible route to prepare GaN 
epilayer on the single facet of the V-groove trench [for a turbo disk MOCVD 
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The development of light emitting diodes (LEDs) marks an era in human 
history where efficient use of light is a hallmark. In Figure 1-1, the history of 
the development of LED is outlined. In the last twenty years following the 
demonstration of blue LED by Shuji Nakamura [while working for Nichia 
Chemical Inc.]1,2,3, the interest in GaN as a semiconductor material has taken 
the center stage in both the industrial and research arena. GaN is desirable for 
application in optoelectronics and power electronics devices. At room 
temperature, it has a direct bandgap of 3.4 eV (i.e. 365 nm), which makes it an 
important material to fabricate optoelectronics devices operating in the 
ultraviolet spectrum. The ability to alloy GaN with narrow bandgap (~0.70 
eV) materials, such as InN and wide bandgap (6.2 eV) materials, such as AlN 
makes it about the only semiconductor material system to generate 
luminescence emission that covers the entire visible electromagnetic spectrum. 
Unlike the III-arsenide material system, alloying of GaN with either In or Al 
yields direct bandgap materials for all possible atomic/fractional compositions.  
 
Moreover, GaN is a robust material with low susceptibility for ionization, 
making it a suitable material for use in harsh environments, such high 
temperatures and for avionic and communication applications. In spite of the 
promising prospects of GaN in both high power and optoelectronics devices, 




Figure 1-1. Historical timeline of the development and milestones of light 
emitting diodes (LEDs). 
 
The lack of native GaN substrate is the prime hurdle that needs to be remedied 
in the development of GaN as a material for next generation light emitting and 
high power devices. As a result, GaN based devices are currently being 
fabricated on foreign substrates via heteroepitaxial growth. The challenge with 
heteroepitaxy is mismatch in certain crystal properties between the foreign 
substrate and the Ga(Al, In)N epilayer. State-of-the-art GaN devices are 
primarily fabricated on sapphire or SiC substrates. However, each of these 
materials has its merits and demerits. Although the merits in the use of the 
substrates are interesting, it is their demerits that have necessitated and 
motivated the drive for this research. Sapphire is an insulating material with 
very poor thermal conductivity that causes excessive Joule-heating issues that 
require sophisticated heat sinks to mitigate the degradation of devices during 
high current operation. The poor electrical conductivity of sapphire also limits 
the design of devices, as electrical contacts cannot be place directly on the 
sapphire substrate. Although SiC has excellent thermal and electrical 
conductivity, it is an expensive material for market penetration. In this report, 
the use of Si as an alternative substrate for GaN based devices is reported. Si 
has been proposed as an alternative substrate for growth of GaN since it 
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addresses the overall demerits of sapphire and SiC as stated above.4,5 Not only 
is Si a cheap material, it is also available in large wafer sizes up to 300 mm in 
diameter and of high crystal quality. In spite of the many setbacks in the use of 
Si to grow GaN epilayer, through this thesis, we will demonstrate how the use 
of surface engineered Si substrates and strain-engineered epilayers can provide 
device-quality GaN thin film. The growth method to deposit thin films of GaN 
and other III-nitride materials in this thesis shall be by metal organic chemical 
vapor deposition (MOCVD) method. 
1.1 Properties of AlN, InN and GaN materials 
 
In the famous Materials Science tetrahedron, the structure, property, 
processing and performance are indispensably linked together.6 The structure 
of the III-nitrides reflects the various electronic and optical properties and 
further applications of this material system. 
 
1.1.1 Crystal structure of III nitride semiconductors 
 
Aluminum (Al), gallium (Ga) and indium (In) are classified as Group III 
elements on the periodic table because they each have a valence state of 3+. 
Nitrogen on the other hand is a group V element with a 3- valence state. The 
metal (Al, Ga and In) and the nitrogen (N), atoms are covalently bonded with 
sp3 hybridization. The III-nitrides crystallize into three different structures 
depending on ambient pressure, temperature and mechanical loading. These 
are wurtzite (WZ), zincblende (ZB) and rock salt (RS) structures. Wurtzite is 
the most thermodynamically stable structure for bulk AlN. GaN and InN7 at 
ambient conditions. The zincblende phase of GaN and InN thin films have 
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been demonstrated on the (001) crystal planes of Si8, MgO9, GaAs and 3C 
SiC10. Figure 1-2 illustrates the wurtzite and zincblende structure, which are 
two widely utilized phases. The primary distinction between the two 
crystalline forms (i.e. wurtzite and zincblende) lies in the stacking of the 
close-packed atomic planes along the (111) plane for cubic and (0001)[(00.1)] 
plane for hexagonal structure. The zincblende is formed by ‘ABCABC’ 
stacking order while the wurtzite structure is formed by ‘ABAB’ stacking 
order.  
 
Figure 1-2. Comparison between the wurtzite and zincblende strutures. a) and 
b) 3D view of the ZB and WZ , respectively and c) and d) the view of the ZB 
along the (111) and WZ along the (0001) direction, respectively. 
 
Unlike the zincblende structure which is isomorphic with a unique lattice 
constant “a”, the wurtzite structure has two lattice constants: an in-plane 
lattice constant a, and out-of-plane lattice constant c. The similarity between 
zincblende and wurtzite structure lies in the hybridization of π-bonds of both 
the Ga(Al, In) and nitrogen (N) atoms, resulting in a tetrahedral coordination 
between neighboring cations and anions. Both wurtzite and zincblende 
polytypes have polar axes (lack of inversion symmetry) along certain 
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crystallographic directions. Particularly, along the <0001> direction for 
wurtzite and <111> for zincblende the III-nitride material is polarized. 
 
1.1.2 Electronic and Optical properties of III-nitrides 
 
The bandgap of a compound semiconductor is correlated to the bond strength 
between the cations and anions. Generally, lower the atomic number of either 
species (closer the bonding to the nucleus), results in stronger and larger 
electronic bandgap. Thus III-nitrides are expected to possess wide bandgap. 
Strong interatomic forces binding the lattices of the material reflects small 
lattice constants and large bandgap energy. Figure 1-3 shows the relationship 
between the lattice constant and bandgap energy. It is observed that the lattice 
constant and bandgap are inversely correlated for materials from the same 
group. Dalven11 showed empirically that the energy bandgap is inversely 
proportional to the square of the lattice constant.  
 
 
Figure 1-3 Illustration of the relationship between in-plane lattice constant 
and bandgap energy for SiC, GaN and Si.12 
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The electronic configurations of the three main III-nitride semiconductors are 
as follows: Al = [Ne] 3S2 3P1;Ga= [Ar] 3d10 4S2 4P1; In= [Kr] 4d10 5S2 5P1. 
Due to the closeness of the valence electrons of Al to the nucleus, a strong 
attraction force between the protons of the nucleus and the valence electrons is 
responsible for the small lattice constant and the large bandgap. With GaN and 
InN following a decreasing and increasing trend of energy bandgap and lattice 
constant, respectively. 
 
Mention is made earlier of the influence of the lattice constant [crystal 
structure related] and the energy bandgap. Figure 1-4 is an illustration of the 
energy bandgap diagram for the WZ and ZB structures for comparison. Both 
WZ and ZB crystals of the III-nitrides are direct bandgaps. The difference is in 
the energy value between the valence band minima and conduction band 
maxima. 
 
Figure 1-4 Comparison between the energy bandgap diagram a) wurtzite and 
b) zincblende GaN material. 
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1.2 Si as a semiconducting material 
 
The name silicon is from the latin word “silex” which means hard stone or 
flint. It was first isolated as an element by Jöns Jacob Berzelius, a Swedish 
chemist in 1824 by heating chips of potassium in a silica container.13 Silicon is 
the second most abundant element in the earth’s crust and seventh most 
abundant in the universe. The journey of the semiconductor industry can best 
be described as a journey of silicon. Silicon is the most important and 
ubiquitous elemental semiconductor material. Si is in Group IV of the periodic 
table with other elements, such as C, Ge, and Sn. 
 
1.2.1 Physical properties of Si  
 
Si is a tetrahedral coordinated material with a diamond structure. The diamond 
structure is best visualized as two interpenetrating face-centered cubic 
primitive lattices as shown in Figure 1-5.  
             
Figure 1-5 a) 3D isometric view of Si (diamond) structure and b) 2D plan 
view of Si indicating the positioning of atoms within different sublattices. 
 
Ingots of single crystal Si boules are usually diced along certain known 
crystallographic planes for specific applications into different wafer sizes as 
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shown in Figure 1-6. The polished silicon wafer has a silvery lustrous look. 
The slicing of the Si wafer is done along certain predetermined 
crystallographic directions. It is important for the manufacturer to ensure the 
accuracy of the planes within industry acceptable tolerances. This is critical 
because the different Si planes exhibit different properties for different 
applications.  
 
Figure 1-6 A photo of Si boule sliced and polished Si wafer at different 
diameters. 
 
Figure 1-7 shows three common planes of Si crystal structure. It is seen that, 
Si(100) has a square lattice, while Si(111) and Si(110) have a triangular and 
rectangular lattice, respectively. It is important to specify which plane of Si 
one uses for an application since these planes have different atomic packing 
densities, leading to difference in electrical and chemical reactivity. While 
each plane has its niche applications in the semiconductor industry, Si(100) is 
the predominantly used plane in mainstream CMOS industry. 
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Figure 1-7 Sketches of the three most common planes of Si crystal ({100}, 
{110} and {111}) showing the arrangement of atoms and their respective 
atomic packing densities. Si(100) has the lowest atomic packing density and 
most susceptible to chemical attack. 
 
1.2.2 Pitfalls of Si as a material for optoelectronics  
 
Although Si has been the ubiquitous material in the semiconductor 
applications, it fails to pass as candidate for various optoelectronic 
applications. This is due to its indirect bandgap, which makes it unsuitable for 
efficient light generating applications. Figure 1-8 shows the contrast between 
the bandgap structure of a typical III-nitride semiconductor and Si. Unlike the 
band structure of the III-nitride materials, the valence band maxima and 
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conduction band minima are located at different k-(momentum vector) 
positions. Thus for Si, the conduction band minimum is not at k = 0, which is 
the Brillouin zone center (Γ). The Brillouin zone is defined in simple terms as 
the volume of k space containing all the values of k up to π/a, where a is the 
unit lattice constant.  
 
In Si, the recombination of electrons and holes after excitation involves 
momentum change (Δk) to satisfy the law conservation of momentum. Thus in 
general, indirect bandgap materials have low radiative recombination 
efficiency. The radiative efficiency deficit is compensated by phonon- (lattice 
vibration) assisted recombination, which is released in the form of heat. 
 
 
Figure 1-8 Illustration of the difference between the bandgap structure of a 
typical III-nitride semiconductor and Si. Phonon assisted transitions are 






1.3 The battle for the optoelectronic space 
 
A number of compound semiconductors consisting of cations from Group III 
and anions from Group V including GaAs, GaP, InAs, InP, GaN, InN have 
exhibited sufficient luminescence at room temperature. Each material emits 
photon of a different color due to different bandgap energies. The III-nitrides 
(AlN, GaN and InN) have the unique ability to be engineered to emit photons 
ranging from ultraviolet to near infrared of the electromagnetic spectrum. 
Recently the III-nitrides have received remarkable interest due to their 
robustness and other figures of merits that make them superior to the other 
classes of materials, such as the III-phosphides and III-Arsenides. Both the III-
arsenides and III-phosphides are environmentally harmful materials. The III-
nitrides on the other hand are environmentally friendly and chemically inert. 
These and many other reasons resulted in the tremendous surge in the research 
interest into the III-nitride materials as well as the proliferation of applications 
for this material system. 
 
1.3.1 Integration of GaN and silicon  
 
Currently the technology to produce high quality and large area GaN substrate 
at low cost is a dream that is eagerly anticipated by both scientist and 
engineers working with GaN and the III-nitride material system in general. 
Bulk GaN cannot be produced with the same process that GaAs and Si wafers 
are produced. This is due to the high vapour pressure of nitrogen over Ga and 
the high melting temperature of GaN. Now we have come to a dire crossroad 
in semiconductor development. At one end of the spectrum, the single most 
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important material for electronic devices is not efficient to fabricate light 
generating devices. On the other end, GaN and its alloys that are efficient for 
light generating applications but the proliferation is hampered by limited 
substrate size. Currently GaN based devices are designed on foreign substrates 
including sapphire, SiC, Si. Sumitomo Electric Device Innovation (formerly 
Eudyna Devices) launched the first commercial GaN HEMT (high electron 
mobility transistor) in 2006 with an operating voltage of 50 V and power of 10 
to 80 W across W-CDMA and WiMAX bands. Other companies including 
TriQuint, Nitronex, Cree and RFMD, have GaN based products for RF 
applications in the market.14 Silicon substrate promises to offer greater 
advantages over sapphire and SiC in the LED market space. Currently only 
5% of the global LED shipments are GaN-on-Si LEDs. This volume will be 
doubled in less than a year and then subsequently experience a drastic surge 
over the next decade as seen in Figure 1-9. 
 
Figure 1-9 Forecast of the penetration and market share of GaN-on-Si LEDs. 
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1.4 Objectives  
 
The main object of this thesis is the the integration of GaN-based 
nanomaterials/nanostructures on Si(100) substrate for optoelectronics 
applications. This is accomplished through growth of GaN epilayer on 
patterned Si(100) substrate and the characterization of the as-grown GaN 
properties. The methods developed in this thesis are designed to be compatible 
with mainstream CMOS industry practices. This broad objective was 
accomplished via the following milestones: 
a) Modifying the surface of the Si(100) substrate to be growth-ready for 
the deposition of III-nitride films. The Si(100) surface is modified 
through ultra violet (UV) lithographic and etching processes.  
b) Development of alternative hard mask material to enhance the 
selectivity of III-nitrides grown via selective area grown (SAG) by 
metal organic chemical vapor deposition (MOCVD) needed to grow 
high quality GaN material.  
c) Establishing a framework to understand the growth 
dynamics/mechanism of GaN grown on Si(100) substrate. The effect 
of epitaxial tilt on the optical quality and strain state of as-grown GaN 
epilayer will be analyzed.  
d) Design and development of a facile method to reduce the threading 
dislocation density (TDD) in GaN related epilayer grown on Si(100) 
substrate. The majority of methods analyzed in the literature involve 
complex buffer layers to reduce TDD. These approaches are expensive 
and in most cases their abilities to reduce the TDD are not reproducible 
due to the dependence on the quality of buffer layer and other intrinsic 
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growth parameters that may not be transferrable from one lab to the 
other.  
e) Demonstration of selectively grown InGaN QW grown on the 
semipolar GaN(10-11) surface. 
 
1.5 Motivation  
 
The conventional approach for the growth of III-nitride devices on silicon 
substrate is performed on the Si{111} plane due to its three fold atomic 
symmetry of the Si{111} face. However, Si(100) is the preferred substrate for 
mainstream CMOS applications. Adopting Si(100) template over Si(111) 
offers a tremendous advantage in cost reduction and diversified functionality. 
There are many 8” Si Fabs around the world that are defunct due to the 
industry’s upgrade to 12” substrate operation. Thus a method and approach to 
grow GaN on Si(100) will leverage on these equipment that are currently 
under-utilized, thus reducing the cost of LEDs and other related III-nitride 
devices.  
 
Furthermore, the current state-of-the-art GaN devices are fabricated on the 
polar GaN(0001) plane, which is susceptible to a strong internal electric field 
induced by spontaneous and piezoelectric polarization in wurtzitic III-nitrides. 
The tilting of the energy band edges of the InGaN quantum wells (QWs) 
causes spatial separation between the holes and electrons in a phenomenon 
referred to as quantum confined stark effect (QCSE). This reduces the internal 
quantum efficiency of LED devices. The QCSE can be eliminated or reduced 
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by growing the InGaN/GaN quantum wells (QWs) on non-polar (i.e. 1-100) 
and semi-polar (i.e. 10-11) surface. In this thesis, we shall demonstrate the 
growth of GaN(10-11) on Si(100) substrate. The growth of GaN is initiated on 
the Si{111} surface which is exposed on the Si(100) substrate.  
 
Moreover, there is a lack of systematic study on the growth mechanism and 
dynamics of III-nitride film grown on the sidewalls of a hole or trench formed 
on a Si(100) substrate. The majority of the literature is focused on developing 
devices without giving consideration to the growth mechanism and defect 
density reduction, which are fundamental to obtain high performance devices. 
 
1.6 Scope of thesis 
 
In chapter 2, a comprehensive overview of research work that has been done 
in the area of GaN based material integration with Si(100) substrate is 
presented. These include the growth methods, substrate modification through 
patterning and buffer layer technology. A detailed analysis of the challenges in 
growing GaN on Si(100) substrates and the various proposed solutions that 
have been explored to mitigate the challenges are examined. In chapter 3, the 
various materials and equipment used in the characterization of the III-nitride 
nanomaterials in this thesis are outlined. The basic working principles and 
specifications of the tools used for the research are presented.  
 
Chapters 4, 5 and 6 are the dedicated to the main contributions of this thesis. 
In chapter 4, growth mechanism and the quality of GaN on the Si{111} facets 
exposed on Si(100) substrate were investigated. The role of different array 
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patterns on the as-grown GaN epilayer is studied. The chapter concludes with 
the investigation of TiN as an alternative hard mask material to SiNx for 
selective area growth (SAG).  
 
In chapter 5, we analyze the role of epitaxial tilt on the quality of GaN 
epilayer. The chapter reports the comparison of GaN epilayer grown on the 
Si{111} facets exposed on Si(100) substrate compared with GaN grown on a 
planar Si(111) substrate. The hole-pattern used in the previous chapter was 
replaced with 2D trench to reduce the coalescence fronts, which is a source of 
threading dislocation initiation.  
 
Vicinal surface epiataxy (VSE) is introduced in chapter 6, to reduce the 
threading dislocation density in GaN epilayer without the use of complicated 
buffer layers and interlayers. The vicinal surfaces are generated on an on-axis 
Si(100) substrate with the mask misaligned at different angles towards the 
crystallographic Si<011> direction. Chapter 6 is on the development of a 
universal method for facet controlled growth of GaN on the exposed Si{111} 
facets. Summary the main contributions of this thesis and future work outlook 
are presented in chapter 7.  
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The prospect of solid-state lighting (SSL) is no longer a dream but a reality. 
Technological advancement in this field is well under way. One can see 
applications of light emitting diodes (LEDs) and laser diodes (LDs) in various 
aspects of daily life as seen in Figure 2-1. LED for general lighting is 
preferred over other competing alternatives, such as incandescent bulb and 
compact fluorescent lights (CFLs) due to the advantages it offers in energy 
consumptions, aesthetics, health and environment. Advancement in thin film 
deposition techniques as well as key breakthroughs in device fabrication in the 
late 1980s15,16 led to the demonstration of commercial InGaN based LEDs17,18 
and LDs19.  
 
Figure 2-1. Deployment of GaN based devices for various applications.20 
 
! 18!
In November 2003, the U.S. Department of Energy (DOE) launched a 
programme to accelerate technological advances in SSL.21 About 30% of the 
total energy consumed in buildings in U.S. is dedicated to lighting applications 
as shown in Figure 2-2. 
 
Figure 2-2 Lighting accounts for 30% of the electricity consumed by U.S. 
buildings.21 
 
In spite of the big savings can be obtained through the transition from 
conventional lighting to SSL, DOE reckons that SSL will provide new 
possibilities to design products and enhance the quality of our building 
environments in ways that may potentially dwarf the energy-saving appeal.21 
This can be realized through the integration of lighting and communication. 
The integration of GaN based LEDs with Si CMOS on a single chip promises 
to offer the opportunity to explore the full potential of LEDs. 
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2.1.1 Bulk GaN substrate developments 
 
The full potential of GaN materials depends largely on the availability of large 
area GaN native substrates. The main challenge to synthesize large single 
crystals of GaN melt is due to the decomposition into Ga and N2 at high 
temperatures before its melting point.  
 
2.1.2 Ga-melt based bulk GaN 
 
Bulk GaN growth from a Ga melt has been attempted by a number of research 
groups22,23,24 . Congruent melting of GaN was achieved at temperature of 
about 2,220 oC and high pressure of 6.0 GPa.25 Figure 2.3 shows the scanning 
electron micrograph (SEM) of GaN single crystal obtained via the slow 
cooling of stoichiometric melt at 6.8 GPa.   
 
Figure 2-3 Scanning electron micrograph of GaN single crystal obtained by 
slow cooling of the stoichiometric melt at 6.8 GPa.25 
 
This is a liquid phase process involving solution for the dissolution of a 
feedstock and transport of the growth species for recrystallization and growth 
on seed crystals. The process is either carried out at a high or low pressure. In 
LETTERS
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cell of the wurtzite structure, and no extra spots were observed.
Although a very small divergence beam from the undulator device was
used, all spots were very sharp without any peak splitting, which is good
evidence of the high crystallinity of the GaN crystal obtained.The Raman
spectrum of the specimen was also measured and it showed sharp peaks
at wavenumbers of 567 and 734 cm−1, corresponding to the E2 and A1
(LO) phonon modes, respectively, of the wurtzite structure of GaN.
Further characterizations are now in progress.
These results strongly suggest the possibility of synthesizing a large
single crystal of GaN from a stoichiometric melt at high pressures.
A pressure of 6 GPa,the critical value for the congruent melting of GaN,
is almost the same as that necessary to transform graphite into diamond
with metal solvent catalysts. Various large-scale high-pressure presses
are now commonly operated in the industrial production of synthetic
diamond,and large sintered diamond compacts with diameters as large
as 100 mm are already commercially available. By applying the
established high-pressure technology, we expect large single crystals of
GaN several centimetres long to be synthesized without serious
technical difficulties.
METHODS
Conditions of high pressure and high temperature were generated with a cubic-type multi-anvil
apparatus (SMAP) installed on beamline BL14B1 at the SPring-8 site. Tungsten carbide anvils with a top
area of 6 mm × 6 mm were used to generate pressure, and the high-pressure cell assembly in the present
study was a modification of that used in our previous study11. GaN powder was compacted in advance
into a disk shape (1.0 mm in diameter and 0.4 mm in height) and placed in a capsule made of
polycrystalline hexagonal BN. Temperature was measured by a PtRh (6%)−PtRh (30%) thermocouple.
Because the thermocouple did not survive, the temperature was estimated above 1,800 °C by
extrapolating the relationship between input power and temperature. The temperature uncertainty was
estimated to be less than ±15 °C. Incident X-rays collimated to 100 µm × 300 µm irradiated the sample,
and the diffracted X-rays were measured by a Ge solid-state detector mounted on a goniometer (the 2θ
angle was fixed at 6.0°). Pressure values were based on the pressure calibration curve at room
temperature, which was obtained in a different experimental run in which NaCl pressure standard was
compressed. Pressures described here are the values before the temperature increased because precise
pressure measurement at very high temperatures is technically difficult. Decreases in pressure (less than
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Figure 2 Phase diagram of GaN under high pressure and temperature. Solid circles
and triangles denote the pressure and temperature conditions at which GaN decomposed
and congruent melting occurred, respectively.The decomposition temperature
increased almost linearly with pressure.Congruent melting occurred above 6 GPa and
the pressure dependence of the melting temperature was very small.The thick dashed
line is a hypothetical phase boundary between Ga + 1/2N2 and GaN (liquid).The thin
dashed line is the melting line calculated in ref. 10,and the thin dotted line is the
decomposition line from ref. 9).
100 µm
Figure 3 Scanning electron micrograph of the GaN single crystals obtained by slow
cooling of the stoichiometric melt at 6.8 GPa.
Figure 4 X-ray oscillation photograph of the recovered GaN single crystal.The
i age was taken with a four-circle diffractometer and an imaging plate installed on
beamline BL22XU at the SPring-8 site.The X-ray source was an undulator device; the 
X-rays were made monochromatic with a Si double-crystal monochromator.The X-ray
energy was 25 keV and the crystal-to-film distance was 194.27 mm.The incident X-ray
beam was perpendicular to the a*–c* plane of the crystal,and the oscillation angle was
±10° around the c*-axis.
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the high pressure (~1 GPa) method, molten gallium melt serves as the solvent 
to dissolve nitrogen at a temperature of 1500 oC to form thin hexagonal 
platelets or elongated needles26. In low-pressure solution growth, a solution 
containing GaN dissolves nitrogen and aids in transportation to seed crystals 
where GaN recrystallization takes place. Thermal gradient within the growth 
system is the driving force for recrystallization and growth by the solution 
method. Although the high-pressure process appears unappealing for mass 
production, the low-pressure method is promising. Complex solvent 
chemistry, low solubility of nitrogen and impurity control are the challenges 
facing solution growth method. The solution growth rate is capable of 
producing GaN at a rate of 240 µm/day27. This method is currently under 
development for scaling up the mass production. 
 
2.1.3 Na flux method 
 
This process involves the reaction between gallium and nitrogen, which is 
produced from the decomposition of sodium azide (NaN3). Synthesis usually 
takes place at a temperature of 300-800 oC and pressure ranging from 
atmospheric to few Mega-Pascals (MPa). A schematic of the Na flux process 
is depicted in Figure 2-4. Conventionally, metalorganic chemical vapor 
deposition (MOCVD) GaN seed is used to initiate the growth. The GaN seed 
is placed in an alumina crucible housed in a stainless steel container. The size 
of the GaN crystal grown is limited by the toughness of the stainless steel 
container, which happens to degrade with increasing growth temperature. 
Process scalability is a key challenge of this method that needs to be 
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addressed. Figure 2-5 is an SEM image of the 2-inch GaN grown by the Na 
flux method.  
 
Figure 2-4 A schematic illustration of the growth apparatus to grow bulk GaN 
by the Na flux method. 
         
Figure 2-5 A 2 inch GaN crystal grown by apparatus in Figure 2-3 a) as 
grown b) after polishing as grown crystal.28 . 
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2.1.4 Hydride Vapor Phase Epitaxy (HVPE) 
 
HVPE is currently the most common method to grow thick and bulk GaN 
crystal due to its low-cost process compared to other candidate methods. High 
growth rate (300 µm/hr has been demonstrated), high purity and doping 
control are some of the benefits that have made HVPE to dominate by volume 
in growing thick and bulk GaN materials for manufacturing of commercial-
scale. Domain-like structures with subgrains and low angle grain boundaries 
as well as variation in the structural quality are some challenges that face the 
HVPE in achieving high quality bulk templates. The first demonstration of 
success HVPE of GaN was reported by Maruska et al.29 at a growth 
temperature of ~825 oC. Although the quality of the GaN material was not 
high, it allows for the determination of properties, such as lattice constant and 
electronic bandgap. Much was not done in the way of material development 
until 1992 when the first thick (~ 400 µm) GaN with smooth surfaces was 
reported by Detchprohm30. Advanced growth techniques, such as epitaxial 
lateral overgrowth, was combined with HVPE by Usui31 to achieve free 
standing GaN with reduced threading dislocations. Sapphire32 and GaAs are 
substrates by which thick GaN has been grown by the HVPE. However, due to 
stability and chemical inertness of Sapphire (Al2O3), it is not as desirable as 
GaAs. In the case of GaAs, the polarity of the GaAs can be controlled based 
on the polarity of the GaAs substrate used (ie GaAs(111)A yields GaN(0001) 
and GaAs(111)B yields GaN(000-1)). GaAs is also an interesting substrate for 
the growth of free standing GaN since it can easily be etched by aqua regia 
(3:1 of HNO3/HCl). Figure 2-6 illustrates the fabrication of a freestanding 
GaN wafer by HVPE. As seen in the diagram, the base substrates are usually 
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recycled for future growth, saving the cost of production.  In conclusion, the 
implementation of HVPE as a method to produce high quality and bulk GaN 
still needs optimization since there is high dislocation density and high GaN 
substrate bow.  
 
Figure 2-6 Schematic representation of the fabrication of freestanding GaN 
wafer by HVPE. 
 
2.1.5 Ammonothermal method 
 
Ammothermal process is a low cost method, which is analogous to the 
hydrothermal process [used for the production of commercial of quartz and 
ZnO]. Ga-based nutrients (also referred to as seed) are used as nucleus for 
growing the GaN boules. A schematic of the ammonothermal method is 
shown in Figure 2-7.  The quality of the GaN crystal is dependent on the kind 
and quality of seed used. High quality polycrystalline GaN seed33 resulted in 
single crystal GaN with higher quality than metallic Ga seed34 . In 
ammonothermal process, supercritical ammonia together with specialized 
mineralizers is used as solvent to dissolve and transport GaN to seed crystals 




Figure 2-7 Schematic illustration of the ammothermal process. 
 
The ammonothermal process has the advantages of producing GaN materials 
with high quality, low dislocation density and low lattice tilt. However, the 
slow growth rate, typically ~100 µm/day stands as a drawback to the method. 
Much work is underway to improve the process to obtain the economy of scale 
needed to reduce the cost of manufacturing. This is the main method 
employed by Soraa Inc. in producing their GaN on GaN devices. GaN wafers 
with different orientations are sawed from the thick high quality GaN 
produced with this method. Figure 2-8 shows the cathodoluminescence 
images of HVPE GaN and ammonothermal GaN. It is clearly evident that the 
ammonothermal GaN is superior in quality with nearly unmeasurable dark 
spot density (DSD), while the HVPE GaN has a DSD of 3x106/cm2. 
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Figure 2-8 Comparison of HVPE with ammonothermal method a) 
Cathodoluminescence of HVPE GaN (left panel) and ammonothermal GaN 
(right panel) and b) Picture of 2-inch GaN grown by MOCVD on sapphire 
substrate. 
 
2.2 Heteroepitaxy of GaN-on-Si 
 
The lack of cost effective GaN substrates on the markets paves the way to 
heteropitaxy of GaN devices on foreign substrates. Heteroepitaxy refers to the 
deposition of a thin layer of one material onto another material [i.e. substrate]. 
The substrate acts as support or “handle-wafer”. The common substrates used 
for GaN deposition are sapphire, SiC and Si. Other not so common substrates 
that have been reported in literature include ZnO, LiGa2O3. Advancement in 
thin film growth has been instrumental in yielding high quality material at 
high throughput and lower cost. Several methods including metalorganic 
chemical vapor deposition (MOCVD)35,36,37, molecular beam epitaxy 
(MBE)4,38,39,40, chemical beam epitaxy (CBE)41,42 laser ablation43 and vacuum 
reactive deposition (VRD)44 have been developed over the years for both 
industry and research. MOCVD is on the one hand much adopted in industrial 
scale due to the high growth rate possible. The goal for the integration of III-V 
semiconductors with Si is dated over 25 years ago. One of the first attempts 
was the growth of GaAs on Si in 198545. However, the quality of the GaAs 
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grown was inferior compared to using GaAs or InP substrate. Although the 
goal of fabricating photonic devices on Si did not die out although it fell into 
“coma” due to the initial challenges of large lattice mismatch and thermal 
coefficient of thermal expansion between III-V materials and Si substrate.  
 
One of the biggest steps in III-V heteroepitxy was demonstrated by Akasaki 
and co-workers in 1986, when they reported the growth of high quality GaN 
on sapphire by first growing low temperature AlN as the buffer layer46. Once 
GaN was successfully grown on sapphire in spite of the high dislocation 
density (~109 cm-2) for light emitting devices, the interest in the III-nitrides 
took off in earnest.  
 
Another breakthrough in the development of III-V materials on Si was 
recorded when Guha and coworker in 1998 demonstrated the first GaN based 
double heterostructure LED on Si(111) substrate by molecular beam epitaxy 
(MBE)43. The success of the team lied in the elimination of the nitridation of 
the Si substrate, which is the usual method for growth of GaN on sapphire. 
This approach has now come to be accepted to obtain high quality AlN on Si 
without the formation of amorphous silicon nitride. Heteroepitaxial growth of 
GaN on Si is challenged with several issues ranging from cracks, high 
dislocation density, absorption of light and substrate degradation. In the next 
section, these challenges are tackled in detail with appropriate proposed 




2.3. Challenges with the heteroepitaxy of GaN-on-Si 
 
When it comes to heteroepitaxy, there are certain common problems unique to 
all processes and these include lattice mismatch, coefficient of thermal 
expansion (CTE) mismatch. Particularly for growth of GaN on Si, these 
challenges and other issues that will be discussed in the subsequent sections 
are the main bottlenecks, hampering the wide adoption of Si as a substrate for 
commercial GaN based devices.  
 
2.3.1 Lattice mismatch and surface atomic symmetry 
 
When the lattice mismatch between the film and the substrate is small (i.e. < 
8%), the film is initially deposited pseudomorphically on the substrate with no 
misfit dislocations until a critical thickness is reached, beyond which 
dislocations starts to propagate as shown. Figure 2-9 illustrates the growth of 
an epi-film on a substrate with different lattice constants (a and c). Lattice 
matching epitaxy (LME) is usually possible if the lattice mismatch between 
film and substrate is less than 8%. In such cases, the difference between 
substrate and film surface chemistry can lead to defective interfaces. Higher 
than 8% in lattice mismatch results in domain matching epitaxy (DME), in 
which an integral multiple of the lattice plane matching is established between 
the film and the substrate. 
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Figure 2-9 Illustration of heteroepitaxy growth of epitaxial film on a case 1) 
substrate with shorter in-plane lattice constant, case 2) substrate with wider in-
plane lattice constant compared to the in-plane lattice constant of the epilayer. 
Below the critical epilayer thickness, the epitaxial film is pseudomorphic to 
the substrate. Beyond the critical thickness, misfit dislocations are generated.  
 
The current development of GaN on Si is performed on the {111} surface. 
This is due to the threefold symmetry and six-fold atomic arrangement of its 
surface. However, Si(100) is the most important surface in mainstream 
complementary metal-oxide semiconductor (CMOS) industry and thus any 
prospects of integrating GaN with Si should be carried on the Si(100). On the 
other hand, Si(100) has a fourfold symmetry on its surface. Figure 2-10 
illustrates the plane view of Si(111), Si(100) and GaN(0001) surfaces. When 
GaN(0001) is overlaid on Si(100) surface, this results in two different GaN 
domains that misoriented 30o from one another.47  
! 29!
 
Figure 2-10 Comparison of the plane view of Si(111), GaN(0001) and 
Si(100). 
 
Figure 2-11 shows an overlaid GaN(0001) on Si(111) and Si(100) surfaces. It 
is observed that a single GaN domain is obtained for GaN on Si(111) while a 
twin domain in the case of GaN on Si(100). The growth of wurtzite GaN is 
favorable on Si(111)48,49,50,51, while Si(100) surface usually results in a cubic, 
polytype of wurtzitic and zincblende or hexagonal film with rough 
surfaces52,53,54,55,56. AlN is commonly used as a buffer layer to grow GaN on 
Si. GaN cannot be grown directly on Si by metalorganic vapor phase epitaxy 
[see section 2.3.4 for the explanation for this phenomenon].  
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Figure 2-11 Schematic illustration of the overlaying of GaN(0001) on Si(111) 
and Si(100).  For GaN-on-Si(100), the co-existence of two GaN doamins is 
observed. Adopted from Ref. 47 
 
However, in recent years, there have been reports of single crystal wurtzitic 
GaN on Si(100) surface.57,58,59 The lattice mismatch between the Si and GaN 
is about 17% (aSi(111) = 0.38403 nm and aGaN = 0.3189 nm). The existence of 
the twin crystal domains for AlN crystal on Si(100) surface that are 
misoriented  from one another results in uncoalesced-faceted-islands with high 
surface roughness. Figures 2-12 (a) and (b) are scanning electron micrograph 
(SEM) of AlN grown on Si(100). It is observed that AlN island domains are 
rotated by 30o from one another. Due to the difference in the coalescence 
fronts, it is energetically impossible to obtain a continuous film for device 
fabrication. In III-nitride materials, due to the mismatch in lattice constants 
between Si and AlN/GaN, high defect density in the form of misfit 
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dislocations are generated at the interface of Si and AlN buffer layer. Liu et 
al60 showed that about every second Al-N molecule is linked to a Si adatom.  
 
The transmission electron micrograph (TEM) in Figure 2-12 (c) shows that 
dislocations are generated at the AlN/Si interface after every 5 atomic lattice 
planes of AlN. These misfit dislocations propagate along the in-plane axis of 
the AlN lattice and do not climb vertically. This is the reason for the high edge 
threading dislocation density (TDD) observed in III-nitride films.  
 
Figure 2-12 SEM of a) AlN47 and b)AlN/GaN61 grown on nominal Si(100) 
substrate and c) transmission electron micrograph (TEM) showing the 
interface of Si and AlN crystals60 . 
!
2.3.2. Coefficient of thermal expansion mismatch 
 
The large coefficient thermal expansion (CTE) mismatch between the III-
nitrides and Si is one of the major reasons why the growth of GaN on sapphire 
and other foreign substrates have been successful while the growth of GaN on 
Si still remains challenge albeit the problem has been circumvented via 
various approaches [see section 2.4] by materials’ growers in both industry 
and academic. MOCVD growth of III-nitride materials is carried out at 
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temperatures above 1000 oC. Figure 2-13 is a plot of the linear thermal 
expansion coefficient of III-V materials and other common foreign substrates 
as a function of temperature.  
 
Figure 2-13 Linear thermal expansion coefficient of III-V materials, SiGe, 
Ge, Si, SiC and sapphire as a function of temperature.62  
 
As a result of the large CTE mismatch [56 %] between the GaN film and Si 
substrate, the GaN epilayer experiences a tensile stress which leads to crack 
formation63 and sometimes the delamination of the epifilm during the cooling 
of film from growth temperature to room temperature as shown in Figure 2-
14.  
 
Figure 2-14 Schematic illustration of III-nitride epi-film on Si substrate at a) 
high growth temperature (i.e. 1000 oC) and b) room temperature after cooling 
down from the growth temperatures. 
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It is observed that two different cracks are generated - open and closed cracks. 
Closed cracks are not visible on the surface of the epi-film while open cracks 
are seen on the surfaces of the epi-film. 
 
At high growth temperatures in MOCVD, GaN expands by about 56% more 
than Si leading to a high residual tensile strain at the interface of GaN film and 
Si substrate. As this tensile stress increases in magnitude, the film cracks to 
relieve the film of excessive stress. Stress relaxation occurs because a highly 
stressed film suffers from non-coalescence GaN/AlN islands into 2D layers 
resulting in “hillock” surfaces morphology with a high island density. Figure 
2-15 shows the high density of cracks generated on the surface of GaN grown 
on Si substrate. The cracks travel along certain well-defined crystallographic 
directions.  
 
Figure 2-15 SEM plan view showing crack propagation on the surface of 
thick GaN grown on Si(111) substrate.63 The cracks travel along specific 
crystallographic directions. 
!
2.3.3 Lack of semi-insulating Si substrates 
 
A fundamental issue when we are considering integrating GaN based devices 
on Si substrate, which are used for high-speed/frequency electronics, is the 
problem of “cross-talk” due to the high parasitic capacitance. This arises due 
to the lack of semi-insulating Si substrates. Conventional Si substrates are 
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conducting and to obtain semi-insulating substrate several attempts has been 
made but these processes are still under development. Unlike III-V materials, 
such as InP and GaAs, which can be processed to be semi-insulating, Si 
substrates lack this ability. Highly resistive films, including semi-insulating 
polycrystalline silicon (SIPOS) films64, oxygen doped silicon epitaxial films 
(OXSEF)65, silicon-on-insulator (SOI)66, silicon-on-sapphire (SOS) and 
MICROX materials,67 have been fabricated to be used at high frequency 
applications other than normally doped Si substrates. 
 
2.3.4 Diffusion of Si into GaN thin film 
 
The high mobility of Si atoms at high growth temperatures leads to 
catastrophic outcomes in the growth of GaN-on-Si. In the first case, the Si 
substrate is etched by H2 at high temperatures, resulting in the outgassing of Si 
atoms into the GaN layer causing the unintentional doping of GaN epilayer68. 
The aftermath of this issue is that, it becomes difficult to dope the GaN 
epilayer p-type. In the second case, Si atoms react with Ga atoms, resulting in 
a process known as “meltback etching”. Meltback etching is a common 
problem encountered during the growth of GaN on Si substrates. This 
phenomenon was first reported by Ishikawa et al69 on the corrosion of Si 
atoms by Ga atoms at high growth temperatures. Figure 2-16 shows the 
surface morphologies of meltback etched Si surface at different conditions.  
 
The roughening of the surface is due to the eutectic formed between the Si and 
Ga atoms. This eutectic however, does not occur between Al and Si atoms. 
Typically, meltback etching propagates along the GaN/Si interfaces, 
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destroying a large area of the substrate. A detail study of Si meltback etching 
is lacking in the literature. Although several morphologies have been observed 
for melback etching, the common observation is the formation of a Ginko-
leaf70 or a bow-tie like structures. At low growth pressures, Ga metal 
deposited on the MOCVD chamber walls from the previous growth runs may 
be carried on to the Si substrate during the pretreatment step and cause the 
initiation of the meltback etching. 
 
Figure 2-16 Different appearances of meltback etching of Si. Normaski 
microscope image (a-c): A particle is the origin of cracks and meltback 
etching (a) visible when too-high tensile stress occurs. Image (b) shows crack, 
which occurred during growth and acts as origin of meltback etching. Too-thin 
Al causes meltback etching, as in the image (c). Scanning electron microscopy 
images (d and e) show an extreme form of meltback etching an also the origin 
of the name, deep hollows etched in the Si substrate (d). Here the nominal 
layer thickness was only around 3. A typical Ginko leaf (f) appearance is 
shown in image (e). Typically, such meltback etching reaction propagates 
along the Si/AlN/GaN70. 
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2.3.5 Absorption of light emitted from the InGaN/GaN active 
layer by the Si substrate 
 
A fraction of the light emitted from the InGaN active layer is absorbed by the 
Si substrate. Due the narrow energy bandgap of Si (1.1 eV), typical light 
emitted from an InGaN LED active is absorbed by Si substrate. In the case of 
sapphire, light with wavelength in the range of 0.2 to 5.5 µm can be 
transmitted through the substrate without absorption due to its large energy 
bandgap. Figure 2-17 shows light emitted from the InGaN LED grown on Si 
substrate. 
 
Figure 2-17 Schematic illustration of light emited from the active layer of an 
InGaN LED grown on Si substrate. Light that enters the Si substrate is 
absorbed and not reflected backward to be extracted through the top surface. 
 
2.4. Approaches to solve the challenges of the growth of GaN 
on Si  
 
All the problems associated with the growth of GaN on Si are related to both 
Si(100) and Si(111). However, for the scope of this thesis, the focus will be on 
methods and strategies that have been demonstrated and reported in literature 
to enable good quality GaN on Si(100). The methods span across surface 
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modification/reconstruction to complex strain compensation buffer layers and 
interlayers. 
 
2.4.1. Buffer layer technology 
 
A buffer layer is usually a thin layer that serves as an intermediate layer 
between two materials (a substrate and epilayer). The buffer layer serves 
several functions, including the minimization of surface energies between the 
substrate and the epilayer, improving wettability and reducing the lattice 
crystal and structural mismatch between the substrate and the epilayer. The 
use of buffer layers of different materials as an intermediate layer between the 
substrate and GaN epilayer have aided in improving the quality of the as-
grown GaN epilayer. The growth of low temperature (LT)-GaN71 and high 
temperature (HT)-AlN46,72,73 buffer layers are well-established approaches for 
the growth of high quality GaN on sapphire and Si substrates. However, due to 
the possibility of meltback etching between GaN and Si(100) substrate at 
growth temperatures,69 GaN film cannot be grown directly on the Si substrate. 
In 1998, Watanabe and co-worker74 demonstrated for the first time growth of 
uniform GaN films on Si using HT-AlN buffer layer. A few monolayers thick 
Al metal was predeposited on the Si substrate prior to the introduction of NH3 
to prevent the nitridation of Si substrate to form amorphous SiNx75,76 in both 
MBE and MOCVD growth techniques. AlGaN buffer layers can serve as 
substitutes for AlN buffer layers, however, the content of aluminum (Al) in an 
AlxGa(1-x)N buffer is crucial in obtaining smooth GaN layers. Above x = 0.3 
(30% Al content), polycrystalline AlxGa(1-x)N was obtained which resulted in 
rough GaN surface.77 It was later confirmed that Al content between 5 and 20 
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% was optimal for obtaining good quality AlxGa(1-x)N layer suitable for 
growing high quality GaN78. Besides AlN and AlGaN, several buffer layers 
have been reported in literature for growing GaN on Si(100). Table 2-1 is a 
list of the common ones. Of all the buffer layers that have been used in 
growing GaN on Si(100), AlN is the most promising and wide spread.  
 
Table 2-1. List of other buffers used in GaN grown on Si 
Buffer Structures Results 
SiC79 GaN Low quality 
3C-SiC (1 µm) + AlN80 GaN Ga polarity in GaN 
Al2O3 (5-20 nm, ALD)81 LED Good LED performance 
Al2O3 (4nm, MBE)82 GaN XRD FWHM of 1000 arcsec 
HfN83 GaN Good for GaN-on-Si(100) 
AlAs84 GaN XRD FWHM of 500 arcsec 
Nano-rod85 GaN Freestanding GaN 
BP86 c-GaN Polycrystalline GaN 
InN + GaN87 GaN Polycrystalline 
 
AlN buffer is either deposited at high temperatures (HT) or low temperatures 
(LT). While HT AlN results in a c-plane (0001) oriented, LT AlN is r-plane 
(110-2) oriented with four in-plane alignments.88 
 
Figure 2-18 illustrate plan view SEM image of AlN grown at 630 oC and GaN 
grown on AlN/GaN supperlattice buffer layer grown on Si(100) respectively. 
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The III-nitride crystals grown on the Si(100) substrate form islands that do not 
coalesce into a continuous film. 
 
Figure 2-18 Plan view SEM of GaN grown on a) LT-AlN buffer layer on 
Si(100). The image is taken with an inclination of 43o and b) AlN/GaN 
superlattice buffer layer on Si(001). 
 
2.4.2 Use of Miscut substrate for the growth of high quality 
GaN epilayer 
 
Most surfaces are not perfectly smooth; there is usually a macroscopic 
roughness of atomic steps and terraces. A surface is that one part of a material 
which is not bonded to the bulk of the material. At the formation of a surface, 
the unbounded dangling re-bond through dimerization to lower the surface 
free energy towards an equilibrium state and stress relaxation. On a clean 
Si(100) surface, there are two different monatomic-height steps. In one case 
the upper terrace dimer rows are parallel to the steps referred as SA and on the 
other hand, the terrace dimer rows are perpendicular to the steps referred as 
SB. An illustration of the monatomic step height and terrace layout of a 
Si(100) is shown in Figure 2-19. The double step DA is formed with a 
formation energy of 0.05 eV89. The surface structure of a substrate changes 
when a miscut towards certain crystallographic direction is introduced relative 
to the nominal crystallographic orientation. A miscut substrate shows vicinal 
! 40!
surfaces with the steps and terraces of different dimensions depending on the 
angle of miscut. 
 
Figure 2-19 Schematic of ball-and-stick model of the steps on a Si(100) 
surface. The step dimers of the top-most terrace bonds to a dimer of the 
adjacent terrace or step.89 
 
Figure 2-20 is an illustration contrasting AlN bonding to a nominal and off-
cut Si(100) surface. The high-resolution transmission electron microscope 
(HRTEM) shows a tilt between the Si substrate and AlN epilayer 
corresponding to the degree of miscut (i.e. 5o). The coherent tilt between the 
film and the substrate may accommodate lattice mismatch between the film 
and substrate. The Si-Si dimer on a nominal Si(100) substrate directed 
alternatively along [110] and [1-10] directions are separated by single atomic 
step boundaries (SASB)90. Such surface lattice asymmetry leads to the 
formation of antiphase boundary (APB) defects in polar (i.e. GaAs, AlN and 
GaN) epilayers grown on the nominal Si(001) surface91. These miscuts 
substrates have been used to demonstrate preferential selection of a single in-
plane alignment of GaN grown on Si(100)88,92,93,94.  
 
Miscut substrates with different offcut angles have been used to successfully 
grow coalesced GaN material on Si(100) as shown by the atomic force 
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microscope (AFM) image in Figure 2-21. The degree of coalescence of GaN 
film increases with increasing misorientation angle. Plan view SEM image of 
AlGaN and AlGaN/GaN epilayers grown on Si(100) substrates are shown in 
Figures 2.22 (a) and (b), respectively. Vicinal surfaces of the right miscut 
angles are useful for epitaxial growth of thin films as they promote 2-
dimensional (2D) step-flow growth as well as suitable for the growth of other 
low-dimensional nanostructures. The disadvantage with miscut substrate is 
that they are not standard in mainstream Si CMOS industry95,96.  
 
Figure 2-20 HRTEM images of the interface area; a) between nominal 
Si(001) substrate and two domain AlN epilayer in the domain-boundary-free 
area and b) between 5o-tilted toward [110]Si(001) substrate and single-domain 
AlN epilayer (double-stepped Si surface). (c,d) Schematic view of the possible 
atomic arrangement at the interface between the epilayer and the substrate; c) 
for a two-domain AlN film grown on the nominal, single-stepped Si(001) 
surface and d) for a single-domain AlN film grown on the double-stepped 
Si(001) surface. 
 
The use of miscut substrates increases the density of surface states in the Si 
materials thus compromising the performance of the electronic devices built 
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on such a substrate.96 In addition to the miscut of the Si(001), LT-AlN 
interlayers are inserted between the GaN epilayers. 
 
Figure 2-21 AFM imaging shows the surface morphology of the GaN layers 
on Si(001). With increasing off-orientation angle the surface becomes 
smoother and due to the increasing tensile stress in the layer some cracks 
occur after cooling.94 
 
The use of LT-AlN improves to prevent cracking and eliminates threading 
dislocations from threading into the InGaN/GaN quantum well (QW) active 
layer, which has the disadvantage of reducing the shelf life of the heating 
filament.  
 
Figure 2-22 Plan view SEM of a) AlGaN and b) AlGaN/GaN grown on 
Si(100) substrate with 6o substrate offcut.93 
 
A number of devices have been demonstrated on the use of miscut Si(100) 
surfaces  including light emitting diodes (LEDs)92, laser diodes (LDs)57 and 
field effect transistors (FETs) by MOVPE94 and MBE97.   
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Figure 2-23 a) Schematic view of GaN based LED structure built on Si(001) 
substrate and b) Illustration of the light from a InGaN LED built on Si(001). 92  
 
2.4.3 Transfer of GaN based devices unto a pseudo/virtual-
substrate 
 
Due to the overwhelming difficulty in the epitaxial growth of GaN and its 
alloy materials on Si(100), GaN based devices can be initially grown on 
another substrate such as Si(111) or Sapphire and then, later transferred onto a 
Si(100) for further processing98,99,100,101. The schematic of the entire process is 
shown in Figure 2-24.  
 
Figure 2-24 Schematic of the steps involved in the growth of AlGaN/GaN 
epilayer on Si(100) via wafer lift off and epilayer transfer. The growth is 
initiated on Si(111) substrate to obtain high quality AlGaN/GaN material and 
the transferred onto a Si(001) substrate by lift off. 101  
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This procedure has the advantage of producing higher quality GaN-based 
devices at the initial growth stage and then, integrating the GaN high electron 
mobility transistor (HEMT) with Si metal-oxide semiconductor field effect 
transistors (MOSFETs).101 However, the extra step of transferring the layers 
onto a virtual or pseudo-substrate presents some challenges. Metal alloys 
including Au/In/Au, PdIn398, AuGe99 and SiO2100 have been used for bonding 
the substrates together. The key disadvantages with the process are; (1) Low 
melting temperature of some metal alloys used for the eutectic fusion, such as 
AuGe (360 oC) and PdIn3 (660 oC), (2) Low product yield due to the high rate 
of failure with transfer procedures and (3) High processing cost. Figure 2-25 
shows the SEM image of AlGaN HEMT on Si(100) substrate. 
 
Figure 2-25 a) Cross-sectional SEM image of Si-GaN-Si pseudo-substrate and 
b) Plan view SEM image of the fabricated transistor and c) Cross-sectional 
illustration of Si p-MOSFETs and GaN HEMTs. 
 
2.4.4 Growth of GaN epilayer on patterned foreign substrates 
!
The use of patterned substrates as templates for growing GaN related devices 
is commonplace. The main goal of this approach is to reduce the high 
threading dislocation (TD) density in III-nitride films, increase the output 
power and the light extraction efficiency of InGaN/GaN LEDs. Growth of 
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GaN related epilayer on patterned sapphire substrate (PSS)102,103 and patterned 
Si(111)104 have been demonstrated to enhance the material quality and device 
performance compared to non-patterned and planar substrates. The GaN 
epilayer is deposited on such patterned substrates via epitaxial lateral 
overgrowth (ELO) method. From a material growth perspective, patterned 
foreign substrate allow for the mitigation of the lattice mismatch between the 
GaN epilayer and the foreign substrates (i.e. sapphire or Si(111)). Figure 2-26 
shows the growth of GaN epilayer on patterned Si(111) substrate with crack 
propagation. The coefficient of thermal expansion mismatch between the GaN 
epilayer and the Si substrate causes cracking of the GaN film. However, by 
fabricating the GaN device on patterned Si substrate, the cracks could be 
isolated from the device structures. Making the patterned areas to be smaller 
than the spacing between the cracks makes this possible.  
 
Figure 2-26 SEM image of GaN epilayer grown on patterned Si(111) 
substrate. Cracks are isolated from the device structures due to the micro 
patterning of the substrate.104 
!
Figure 2-27 contrasts the AFM images of GaN grown on planar sapphire 
substrate and patterned sapphire substrate (PSS). The improved surface quality 
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of the GaN epilayer grown on the PSS than GaN grown on the planar sapphire 
substrate was clearly observed.  
 
Figure 2-27 SEM image of (a) micro-patterned sapphire substrate (MPSS) and 
(b) nano-patterned sapphire substrate (NPSS), AFM image of GaN grown on 
(c) planar sapphire and d) patterned sapphire substrate (PSS) and e) light 
output of InGaN LEDs grown on different sapphire substrates. 
!
In spite of the improved material quality that has been achieved by reducing 
the TD density with the use patterned Si(111) and sapphire, the use of 
patterned Si(100) substrate will be desirable as this substrate will make 
possible the monolithic integration of GaN based optoelectronics devices with 
Si based devices on a single chip. 
2.4.5 Growth of GaN on {111} sidewall of Si(100) substrate 
 
The six-fold atomic symmetry of the Si(111) results in a coincident lattice 
matching with the hexagonal symmetry of wurtzite GaN. Si(100) surface is 
not suitable for growth of hexagonal GaN without surface modification due to 
its four-fold atomic arrangement105. In the light of this, 
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Honda et al.106 proposed a method of growing high quality GaN based devices 
on Si(100) substrate by exposing the {111} facets as growth planes by wet 
chemical assisted etching. Figure 2-28 is a schematic illustration of the 
surface modification procedure for exposing the {111} surface on a Si(100) 
surface. An addition advantage of this method is that, the GaN top surface is 
semi-polar oriented. Semipolar oriented surfaces have advantage over the 
polar GaN{0001} oriented by possessing a lower built-in electric field (see 
section 2.5 for more details on semipolar GaN surfaces). The cleaning of the 
silicon wafer followed RCA 1 standard cleaning procedure. The direction of 
the mask alignment to certain crystallographic directions must be taken in 
consideration since an unintentional misalignment has an effect on the surface 
morphology of the etched facets.107 Hydroxides of potassium (K), sodium 
(Na), cesium (Cs), lithium (Li), rubidium (Rb) and tetramethyl ammonium 
hydroxide (TMAH) have been used as etchants in the anisotropic etching of 
Si108,109,110,111,112.  
 
The etched profile can be modulated by altering parameters, such as etchant 
composition, concentration, temperature, stirring speed and etching duration. 
The different planes of silicon etch at different rates when placed inside an 
aqueous hydroxide (OH) solution due to the difference in packing atomic 
density of the various planes113. The slowest etching plane is the {111} surface 
while the fastest etching plane is the high indices planes of {311} and {221}.  
 
Surfactants, including isopropanol alcohol, are added into the etchant solution 
to reduce the etching rate and also improve the surface smoothness of the 
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etched surfaces. Stirring the solution resulted in homogeneous etching rate on 
the entire substrate surface. 
 
Figure 2-28 Schematic illustration of the substrate surface modification 
process.  
 
Depending on the shape of the masked pattern created on the Si substrate to be 
etched, different planes are exposed and the proportion of the exposed planes 
is the highest for the slowest etching plane and vice versa. Figure 2-29 is a 
simplified stereographic representation of Si planes projected onto a Si(001) 
oriented substrate. This diagram is an aid in identifying the various exposed 
planes after the anisotropic etching process.  
 
From the stereographic projection, it is observed that [110] and [111] 
directions make an angle of 45o and 54.7o with the [001] direction, 
respectively. Thus if the surface patterned mask on the substrate surface is 
aligned either perpendicular or parallel to the substrate primary cut (i.e. in 
[110] direction), the etched and exposed surface will have {111} sidewalls. 
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Figure 2-29 Stereographic projection of Si(001) surface.110  
 
On the other hand, if the mask is aligned 45o along the substrate surface, the 
sidewalls of the exposed planes shall be {110}. From Figure 2-29, it is 
observed that the {001}, {011} and {111} are 4-, 2- and 3-fold atomic 
symmetric planes. The different atomic symmetry of the various planes results 
in different reactions of these planes under chemical etching. The bird eye 
view SEM image of as-grown GaN deposited on the exposed {111} surface 
reported by Honda et al is shown in Figure 2-30. The top surface of the GaN 
triangular stripe is {10-11} oriented and makes an angle of 61.9o with the 
{0001} plane. However, the {111} surface which is the growth plane makes 
an angle of ~54.7o with the substrate {001} surface. Thus, the GaN{10-11} 
top surface is tilted by the angle difference between GaN{0001}/GaN{10-11] 
and Si{111}/ Si{001} which is ~7.2o. As a result of the tilt angle of 7.2o 
between Si{001} and GaN{0001}, a thicker GaN layer has to be grown in 
order to form a fully coalesced and flat surface. 
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Figure 2-30 Triangular stripe of GaN grown on {111} sidewall exposed on 
Si(100) substrate. 
 
Another approach to overcome this tilt challenge is to start with a silicon 
substrate with a predetermined offcut of ~7o 57,58,59,114,115. After the report by 
Honda et al., in 2001, a few publications focusing on improving the quality of 
the as-grown GaN based materials grown on the exposed {111} were reported. 
The surface of GaN grown on the 7o offcut Si(100) showed flat with GaN(10-
11) with improved material quality as seen in Figure 2-31. 
 
The carrier lifetime from exciton relaxation of InGaN/GaN based multiple 
quantum well (MQW) grown on the semipolar GaN surface was compared 
with InGaN/GaN MQW grown on a polar GaN surface (see Figure 2-32). It is 
observed that semipolar InGaN/GaN MQW had a carrier lifetime about 6 




Figure 2- 31 Tilted cross-section SEM image of GaN grown on Si(100) 
substrate with offcut a) lower than 7o and b) of ~7o. c) and d) Atomic force 
microscope of a) and b) respectively115. 
 
Figure 2- 32 Low temperature (LT) time resolved photoluminescence (TRPL) 
of {10-11} InGaN/GaN MQW and {0001} InGaN/GaN MQW. 
 
In spite of the improvement to crystal quality that is achievable with the use of 
miscut substrate in growing GaN on exposed {111} surface of a Si(100) 
substrate, the method has the primary drawback of non-standardization in 
mainstream CMOS industry. Mainstream CMOS devices are made with 
nominal Si(100) substrate with 0.5o miscut. This is where this thesis takes off, 
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to find methods to address this problem and yet maintain the advantages that 
growing on Si(100) substrate offers. 
 
2.5 Non-polar and Semi-polar GaN  
 
The arrangement of atoms viewed along different crystallographic directions 
of the wurtzite crystal results in different atomic stacking and hence structural 
properties. With the wurtzite III-nitride in perspective, these planes are 
classified into three main groups viz. polar, semipolar and nonpolar surfaces. 




Figure 2-33 Schematic illustration of a) the polar c-plane (0001), b) the 
nonpolar a-plane (11-20), c) the non-polar m-plane (10-10) and d-f) the 
semipolar planes (10-1-3), (10-1-1), and (11-22), respectively.116 
 
The main objective for the quest of semipolar and nonpolar GaN based 
devices was to enhance the efficiency of devices. The presence of internal 
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buit-in electric field has been identified as one of the factors contributing to 
the “efficiency droop” in InGaN based LEDs and also the “green gap” 
phenomenon.116,117 Several groups are currently involved in the research on 
the growth and device fabrication of InGaN LEDs built on various semipolar 
and nonpolar GaN surfaces. In terms of material growth, there are still a lot of 
challenges that need to be overcome to realize high quality other than polar 
GaN surface. The density of stacking faults and other extended defects are 
higher in semipolar and nonpolar GaN samples than polar c-plane GaN. 
Figure 2-34 illustrates the basal stacking fault (BSF) density and threading 
dislocation density in several non-polar and semipolar GaN samples reported 
by various research groups. 
 
Figure 2-34 Summary of the research timeline of nonpolar and semipolar 
GaN material quality: a) the density of BSFs and b) threading dislocations. 
The gray bar in b) indicates the typical range of threading dislocation desnity 
density in heteroepitaxial c-plane GaN film.118 
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CHAPTER THREE: Equipment and Materials 
3 Introduction  
 
The equipment that are used in this research are categorized into three main 
areas, processing, deposition/growth and characterization. Unless otherwise 
stated, these equipment are located at laboratories in Institute of Materials 
Research and Engineering (IMRE). The processing tools include, Karl Suss 
UV mask aligner (MA8), Oxford II reactive ion etching (RIE) system, O2 
plasma etching system, customized Oxford deep reactive ion etching (DRIE) 
systems. The deposition/growth tools used in this thesis work are metalorganic 
chemical vapor deposition (MOCVD) and plasma enhanced chemical vapor 
deposition (PECVD). All processing and thin film deposition/growth were 
carried out under clean room environments. 
 
3.1 UV Mask aligner  
 
The mask aligner used is a Karl Suss Mask aligner MA8/BA 6, located in a 
“class 100” cleanroom. The wavelength of the UV light source of this 
equipment can be modulated depending on the channel. The equipment is 
operated in a semi-automated mode. The UV light source is a high-pressure 
mercury xenon lamp. There are two different wavelength options to be chosen 
from: 365 nm (CH1) and 405 nm (CH2). The choice of CH1 and CH2 is 
dependent on the type of photoresist. The AZ 5000 series are preferable 
exposed with 365 nm (i-line). On the contrary, AZ 9000 series of photoresist 
are exposed with 405 (g-line). The photoresist may be exposed in hard contact, 
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soft contact, proximity or flood exposure mode. Figure 3-1 is a photograph of 
the mask aligner MA8/BA 6 used for all the UV lithographic processes in this 
thesis.  
 
Figure 3-1. Photograph of Karl Suss MA8/BA 6 located in the cleanroom of 
Institute of Materials Research and Engineering (IMRE). 
 
3.2 Reactive Ion Etching System (RIE) 
 
Reactive ion etching is a process of removing one part or whole of a material. 
The process involves the chemical reaction between a reactive gas and the 
etching materials and bombardment by plasma ions (see Figure 3-2). The RIE 
equipment used in the dry etching processes is an Oxford RIE II. The etching 
process is done in an evacuated chamber at a pressure of about 10- 30 mTorr 
and with a DC bias greater than 1 kV. The plasma is generated with a radio 
frequency (RF) generator of frequency 13.6 MHz, which determines both the 
ion density and energy. The etching gases react with the surface of the 
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material being etched to form volatile products that are carried away to the 
exhaust by a pump. The sample is placed on a graphite plate during etching to 
avoid sputtering or re-deposition of the electrode material. The chamber is 
capable of etching a maximum sample size of 6 inches.  
 
Figure 3-2 Simplified illustration of processes occurring in reactive ion 
etching (RIE). 
 
DRIE differs from the ordinary RIE by the high etch rate of Si. DRIE employs 
the Bosch process, which involves a cycle of etching and deposition of 
polymer to the etched sidewall for protection against further ion 
bombardment. This allows for more vertical sidewall profile etching. The 
DRIE is equipped with load lock chamber where samples are loaded manually 
and then, transferred automatically by a robotic arm to the process chamber. 
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Figure 3-3 Photograph of Oxford II reactive ion etching system. 
!
3.3 Plasma enhanced chemical vapor deposition (PECVD) 
 
PECVD is a method of depositing thin films from vapor precursors onto a 
heated substrate. Films deposited by PECVD method are polycrystalline and 
their quality may be improved by further rapid thermal annealing after the 
deposition. A Nextral D200 manual PECVD system was used for the 
deposition of silicon dioxide (SiO2) and silicon oxy-nitride (SiNx) layers. The 
plasma used for deposition is produced with 13.6 MHz RF generator and DC 
bias of 10 kV. Deposition is performed typically at a chamber pressure of 30 
mTorr and temperature of 280 oC. Silane (SiH4), purified oxygen (O2) and 
purified ammonia (NH3) are the sources of silicon, oxygen and nitrogen, 
respectively. Figure 3-4 is a photograph of the PECVD system housed in a 
class 1000 cleanroom deposition room. 
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Figure 3-4 Photograph of Nextral D200 manual PECVD system for 
deposition of SiO2 and SiNx thin films. 
 
3.4 Metalorganic chemical vapor deposition (MOCVD) 
 
The advancement of GaN based light emitting diodes is inseparably connected 
with the development of thin film growth/deposition technology. Among the 
candidate methods include molecular beam epitaxy (MBE), hydride vapor 
phase epitaxy (HVPE) and MOCVD. Both MBE and MOCVD are capable of 
atomic layer-by-layer deposition, however, the slow growth rate (~ 2 Å/s) of 
the MBE method makes MOCVD with a growth rate of (~5 µm/hr), the most 
common thin film deposition for III-nitride device fabrication in the industry. 
An Emcore D180 MOCVD system was used for the deposition of all III-
nitride films in this thesis. Figure 3-5 is an illustration of a chain of processes 
that takes place inside the growth chamber during the growth of a film.  
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Figure 3-5. Various thermodynamic processes that occur inside an MOCVD 
growth chamber. 
 
The D180 MOCVD system is so called due to the size of the wafer carrier, 
which is used for growth at a diameter of 180 mm in size. The flow simulation 
and smoke flow pattern inside a vertical high-speed rotating disk MOCVD is 
shown in Figures 3-6. The height between the gas flange and substrate surface 
and diameter of the chamber are a few design parameters that need to be 
optimized to ensure stable gas flow dynamics. 
 
Figure 3-6. a) The 3-D model MOCVD reactor conditions show the sharp 
flow transition required for uniform film growth, and b) smoke flow patterns 
in rotating disk system. Courtesy of Sandia National Laboratory. 
! 60!
The rotation speed of the susceptor (wafer carrier) affects the flow of gas 
phase precursor over the surface of the substrate. The rotation may cause flow 
to be either turbulent or lamina depending on the speed of the rotation. Figure 
3-7 is a photo of the MOCVD system used for growing the III-nitride films in 
this thesis. The schematic of the cross section of growth chamber is shown in 
Figure 3-8. The heating of the chamber is performed with a two-zone (inner 
and outer filament) tungsten based alloy filament. The maximum allowable 
temperature is 1100 oC. The inner and outer filaments are controlled by two 
different power supply sources. The temperatures of the inner and outer 
filaments are measured by the inner and outer thermocouples, respectively. In 
addition, two pyrometers are positioned on the inner and outer regions of the 
susceptor to record its surface temperature. The temperature of the wafer is 
approximated to be same as the surface temperature of the susceptor. The 
power (current x voltage) supplied to the inner and outer filaments are 
adjusted through the feedback of the pyrometer and thermocouple reading.  
 
Figure 3-7. Photo of D180 MOCVD system in Institute of Materials Research 
and Engineering (IMRE), Singapore. 
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A closer look at the main chamber compartment is shown in Figure 3-8(a). In 
Figure 3-8(a), the pyrometer and other feed-through elements that are 
connected to the growth chamber can be seen. The inside of the growth 
chamber can be viewed through the view port.   
 
Figure 3-8. a) Photo of the growth and load lock chamber showing the 
pyrometer and other elements connected to the growth and b) schematic of the 
growth chamber. 
 
Figure 3-8(b) is a schematic of the growth chamber. There are two 
thermocouples: each of the thermocouple is positioned closed to an inner and 
outer spot of the susceptor.  
 
Due to the inflammability of the metalorganic (MO) sources, they are kept in a 
stainless steel container, which is placed inside a water bath as shown in 
Figure 3-9. A carrier gas (N2 and H2) is injected into the MO container of the 




Figure 3-9. Left) Photo of the temperature controller water bath used for 
regulating the temperature of the MO and right) schematic illustration of the 
bubbler and MO container. 
 
Unlike the MBE growth method where the growth is done at 10-8 Pa, an in-situ 
electron monitoring of the crystallinity of the film with reflection high-energy 
electron diffraction (RHEED) is not practical in MOCVD reactors due to the 
near atmospheric pressure (30 – 500 Torr) of the MOCVD chamber. The 
thickness of the film being grown for MOCVD technique is monitored and 
measured with an in-situ light reflectance setup as shown in Figure 3-10. A 
light source of 600 nm is used for measuring the film thickness. An optical 
fiber cable is used in transmitting the light and also collecting the reflected 




Figure 3-10. Left and middle) Photo and schematic illustration of light source 
unit and lens assembly and right) schematic illustration of optical cable for 
collecting information from the epimetric film measurement unit. 
 
The spectrum is generated via the formation of constructive and destructive 
interference between waves emerging from the surface of the film and the 
surface of the substrate. A schematic illustration is shown in Figure 3-11.  
 
Figure 3-11. Left) Schematic illustration that shows the measurement of GaN 
film thickness and right) sketch of the typical reflectance spectrum.  
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The growth rate, τ is calculated with the relation; 
 ! = !!!/2!"            (1) 
where λ is the wavelength, n the refractive index of the film and t the time 
between reflected intensity maxima. 
 
A typical MO source which is trimethylgallium [(CH3)3Ga] molecule is shown 
in Figure 3-12. The purity of gases entering the growth chamber and any other 
gas manifold of an MOCVD system is crucial. Impurities in the carrier gases, 
MO precursors and push gases directly lead to contamination and impurity in 
the thin as-grown thin film. The D180 MOCVD system employed in this 
research is equipped with a catalytic purification of H2 through a Pd cell 
membrane operated at 380 oC. Moreover, the gas manifold forms an integral 
part of the MOCVD system responsible for swift switching and restabilization 
of gas flow for atomically smooth multilayer deposition. The gas manifold is 
composed of capacitance manometer [located on the run line], differential 
gauge [which detects pressure difference between vent and run lines], mass 
flow controllers (MFC) and pneumatic valves.  
 
Figure 3-12. A sketch of trimethyl gallium [aluminum or indium], (CH3)3-
Ga(Al, In) molecule. 
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Finally but not least, safety is an essential factor that needs to be considered at 
every stage of design and operation of the MOCVD system due to the toxicity 
of certain gases employed in the running of the equipment. A wet scrubber is 
used is neutralizing and removing of environmentally hazardous gases.  
 
3.5 X-ray diffraction (XRD) 
 
X-rays diffraction is an immensely useful tool in the analysis of the quality, 
structure, composition and strain state of thin film. The basic principle of XRD 
is based on Bragg’s law. XRD involves the probing of the III-nitride sample 
with x-ray with wavelength close to the crystal lattice spacing of the sample. 
The X-rays get scattered by the electron cloud of the material being probed 
and according to Bragg’s law constructive interference occurs when the path 
difference 2d sinθ is equivalent to an integral multiple of the wavelength (nλ) 
as illustrated by Figure 3-13. 
 
 
Figure 3-13. Schematic representation of the diffraction of X-ray from atomic 
planes of a crystalline material for illustrating Bragg’s law. 
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Two high-resolution X-ray diffraction (HRXRD) facilities were used in 
probing the samples analyzed in this thesis. One is a PANalytical X’Pert  Pro 
multipurpose diffractometer, and the other is a home-built Oxford synchrotron 
High resolution XRD. Both equipment are four-circle configuration 
diffractometers. The X-ray from the X’Pert Pro diffractometer is generated 
from an X-ray tube. The X-ray is produced by the bombardment of a Cu metal 
with electrons in an evacuated tube. Ge(002) crystal is used in selecting a 
monochromatic X-ray (Kα1) of wavelength, λ of 0.154 nm for the PANalytical 
X’Pert Pro diffractometer. On the contrary, the X-ray generation from a 
synchrotron facility is produced by the acceleration of electrons within a high 
magnetic field of strength of 4.5 T. The synchrotron XRD uses a Si(111) 
channel-cut monochromator (CCM). Figure 3-14 is a photo of the XRD 
equipment used in this thesis. 
 
 
Figure 3-14. Photo of left) Oxford built X-ray diffractometer at Singapore 







3.6 Scanning electron micrograph  
 
JEOL JSM-6700F field effect scanning electron microscope (FE-SEM) was 
used in imaging the microstructure of the samples in plan, bird eye (tilted) and 
cross sectional views as shown in Figure 3-15. Images are produced by 
scanning the sample with the focused beam of electrons in a rastering manner. 
The interaction of the electrons with the samples produces signals that are then 
digitized to produce a surface’s morphology. The resolution of the SEM is 
about 10 nm and this is achievable for a good conducting sample, thus it is 
important to coat the surface of the sample with Au prior to imaging if it is not 
conductive.  Although several signals are generated during the interaction of 
electron and the sample, the secondary electrons are detected for imaging in 
this research. Images are recorded with a current of 10 µA and an accelerating 
voltage of 5 kV. 
 
Figure 3-15. Photograph of JEOL JSM-6700F field effect scanning electron 
microscope (FE-SEM). 
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3.7 Transmission electron microscope 
 
Transmission electron microscope makes it possible to observe structures at a 
higher resolution of about 1 nm and better for high resolution TEM imaging. 
The main difference between SEM and TEM is that, electrons are transmitted 
through an ultra-thin sample for TEM. Due to the transmission of electrons 
through the ultra-thin samples, it is possible to observe columns of atoms at 
higher resolutions. The image of the sample under investigation is detected by 
CCD camera after interaction electrons with the sample. A JEOL 2100 
TEM/STEM was used in performing the analysis in this thesis. Figure 3-16 is 
a photograph of the TEM equipment used. 
 
Figure 3-16. Photo of JEOL 2100 TEM used in analyzing the threading 
dislocations and crystal structure. 
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Imaging is taken at high vacuum at a pressure of 10-6 Pa and accelerating 
voltage of 300 kV. A GATAN energy dispersive spectroscopy (EDS) detector 
is attached to the equipment for elemental composition analysis. The sample to 
be analyzed are prepared either by mechanical polishing or by focus ion beam 
sectioning and then placed unto a 3 mm copper disc grid. 
 
3.8 Atomic force microscope (AFM) 
 
An AFM is a type of scanning probe microscope for observing the 
microstructure of materials to a resolution in the order of fractions of a 
nanometer without an optical diffraction limit. The microstructure of a sample 
is analyzed by scanning the sample surfaces with a mechanical probe referred 
to as probe supported by a cantilever. A Bruker DIMENSION ICON AFM 
setup was used in our experiments shown in Figure 3-17. All the AFM images 
were taken in the tapping mode. The probe (POINTPROBE PLUS ppp-nch-
50) used has a resonance frequency of 204 – 497 kHz and a force constant of 
10 – 130 N/m.  
 
Figure 3-17. Photo of Dimension Icon atomic force microscope (AFM). 
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3.9 Raman scattering and Photoluminescence spectroscopy 
 
When photons interact with materials, the resulting scattered photon is either 
elastic (no change in energy as incident photon) or inelastic (change in energy 
as incident photon). Adolf Smekal predicted the Raman scattering effect 
theoretically in 1923. Renishaw inVia mircoPL/Raman microscope was used 
for the Raman scattering measurements (see Figure 3-18). It is equipped with 
two lasers with pumping wavelength at 325 and 532 nm (for PL/Raman 
measurement). Rayleigh line rejection filters for 325 nm and 532 nm 
excitation allow ripple-free measurement of the Raman spectrum to better than 
100cm-1 shift.  
 
Figure 3-18. Photo of Renishaw in-Via micro PL/Raman microscope. 
 
Leica DM2500M microscope is equipped with objectives from 5X to 100X 
magnification, allowing confocal Raman spectral measurements with better 
than 2.5um depth resolution (using 100X objective). UV coated Deep 
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Depletion CCD array detector (578x400 pixels) allows wavelength detection 
from 200 nm-1050 nm. Motorized XYZ microscope stage with a step size of 
100 nm allows high spatial resolution mapping capability of Raman spectrum. 
All raman scattering measurements were performed at room temperature. 
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CHAPTER FOUR: Effect of substrate 
patterning/modification on the quality of GaN epilayer 




Surfaces and interfaces are essential media in epitaxial growth. In this chapter, 
the surfaces of Si(100) substrate is manipulated via surface patterning by 
standard ultra violet (UV) photolithography and wet chemical etching. The 
modified Si(100) templates were used as growth surfaces to grow high quality 
III-nitride epilayers. Different patterns are demonstrated and studied to 
understand their effects on the quality of the III-nitride epilayer. Structural and 
optical characterizations of as-grown GaN epilayers on the modified Si(100) 
substrates are discussed. GaN growth selectivity on patterned substrates is 
critical in obtaining good quality GaN film with lower threading dislocation 





Silicon is a ubiquitous material used in integrated circuit (IC) semiconductor 
industry due its abundance and ability to form a stable oxide required for 
surface passivation and electrical barrier. It is, however, an indirect bandgap 
semiconductor, making it unsuitable and inefficient for use in light emitting 
devices. GaN on the other hand is a promising material with potential 
applications in Optoelectronics, high temperature and high power 
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devices.120,121,122. Currently GaN is considered as the most important 
semiconductor second only to silicon, for microelectronic and optoelectronic 
applications because of its excellent properties, such as wide and direct 
bandgap, high electron mobility, high breakdown voltage, high saturation 
velocity, mechanical stability and chemical inertness.123  
 
Despite the challenges in heteroepitaxial growth of high quality GaN on 
silicon substrates due primarily to the crystal lattice mismatch (~16.9%) and 
thermal coefficient of expansion mismatch (~54%) between these two 
materials, silicon is nonetheless considered a preferred alternative substrate to 
sapphire and SiC due to scalability to larger wafer growth and thus a reduced 
production cost per chip. The advanced mainstream processing technology of 
Si coupled with its good thermal and electrical conductivities are additional 
benefits for growing GaN on Si for high power applications.124 Some device 
applications of GaN on silicon have already been reported.125,126,127 GaN/Si 
integration will open new fields of GaN-related technology in Optoelectronics, 
such as ultra-high density data storage, precision image sensor, integrated light 
circuits and display technology.59  
 
GaN is conventionally grown on Si(111) surface due to its trigonal symmetry 
which matches with the GaN(0001) sixfold symmetry. Many approaches have 
been implemented to improve the quality of GaN grown on silicon, including 
the use of buffer layers,16 compliant substrates128 and wafer bonding98. Growth 
of good quality GaN on Si(100) surface has been more challenging, since 
unlike Si{111}, Si{100} has a fourfold (square) surface symmetry which 
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results in the growth of two non-coalescing AlN/GaN crystal domains. Many 
groups have reported on growing GaN on Si(001),125,129 Si(112), Si(113)126 
and Si(110)130. However, all these approaches involved exposing the Si{111} 
facets from these substrates by anisotropic etching using alkaline based 
etchant. Typically, anisotropic etching of Si{100} is performed in alkaline 
solution at 40 oC - 80 oC. The growth of GaN on patterned substrates has been 
reported to be an effective method for fabricating (10ī1) GaN on sapphire131 
and silicon132. In spite of the reported works on the growth of GaN on the 
exposed Si{111} of Si(100) substrate, little has been reported on the effects of 
different etch profiles on the quality of as-deposited GaN. Although, the 
growth mechanism of GaN grown on Si{111} facets exposed within grooves 
(trenches) patterned on Si(100) substrate has been reported,133 the mechanism 
of growth of GaN on exposed Si{111} faces within micro-patterned holes on 
Si(100) substrate is yet to be understood. In this letter, we report GaN crystal 
growth and coalescence on the Si{111} faces within the etched holes and on 
the top surface parallel to the Si(100)  surface as it grows out of the holes and 
the effects of different etch profiles on the quality of as-deposited GaN. 
 
4.1.2 Surface patterning of Si(100) substrate by UV lithography 
 
n-type Si(100) wafers [purchased from Polishing Corporation of America] 
were cleaned by immersing the wafers in a solution of 5 parts H2O, 1 part 27% 
ammonium hydroxide (NH4OH) and 1 part 30% hydrogen peroxide (H2O2) 
which were heated to a temperature of 70 oC for a period of 15 minutes. This 
cleaning step is expected to remove any organic contaminants that may be on 
! 75!
the wafer surface due to the processing and packaging. This cleaning step 
referred to as RCA-1 results in the oxidation of the silicon wafer forming 
about 2-5 nm thick native silicon dioxide (SiO2) layer on the Si substrate. The 
native SiO2 layer was removed by dipping the wafers in a buffer oxide etch (7 
parts of ammonium fluoride (NH4F) and 1 part of hydrofluoric acid (HF)) for 
30 seconds. The Si surface at this stage is hydrophobic and hydrogen 
terminated. The Si wafers were loaded into Nextral manually loading PECVD 
system for the deposition of 300 nm thick SiNx layer. The Si(100)/SiNx 
substrate is primed with hexamethyldisiloxane (HMDS) inside a YES oven at a 
temperature of 150 oC for 10 minutes. Priming of the substrates is necessary to 
enhance adhesion of photoresist to the SiNx layer. AZ 5214E photoresist (PR) 
was subsequently coated onto the substrates using a Cee spin coater at a 
rotation speed of 3000 rpm. At this rotation speed, the thickness of the PR was 
about 1.4 µm. The pre-baking process involved was heating the PR coated 
substrate on a hotplate at 90 oC for 90s to evaporate moisture from the PR and 
to enhance the sensitivity of the PR to the UV irradiation. Triangular and 
square array arrangements of hole patterns on a 3” borosilicate glass 
photomask are transferred to the PR layer on the Si/SiNx substrate by 
conventional UV photolithography. The holes are 3 µm in diameter and are 
circular and square in shape. The patterned PR is post-baked at a temperature 
of 105 oC to enable cross-linking of the PR molecules prior to dry etching in 
reactive ion etching (RIE) system  
 
Figure 4-1 shows the patterned PR before the transfer of the pattern into the 
SiNx hard mask by RIE. The gas for the etching of the SiNx was a mixture of 
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CHF3 (25 sccm) and O2 (5 sccm) at radio frequency (RF) power of 60 W. 
After transferring the patterns from the PR into the SiNx hard mask, the 
samples are then immersed in an acetone solution for 20 minutes to strip away 
the PR. The final cleaning of the substrate is performed with O2 plasma to 
remove any residual PR. For the schematic illustration of the steps involved in 
the patterning of the substrate surface please refer to Figure 2-26 (section 
2.4.4). 
 
Figure 4-1. Plan view SEM image of patterned photoresist on Si/SiNx 
substrate of a) triangular arrangement circle patterns and b) square array 
arrangement of square patterns. The diameter of the holes is 3 µm.  
!
4.1.3 Anisotropic etching of Si(100) substrate in an aqueous 
potassium hydroxide (KOH) solution 
 
The different planes of silicon crystal possess different atomic packing 
densities (see Figure 1-8). The Si{111} plane has the highest atomic density 
followed by the {110}, with the {001} with the least atomic density. As a 
result of the difference in surface atomic density, the various planes response 
differently to chemical reaction with certain organic and inorganic alkaline 
solutions. The etch rate (Vhkl) of the planes is the lowest for {111} plane and 
the highest for {001} plane. The ratio of etch rate (V001/V111) of the {100} 
plane to {111} is typically in the order of 400:1.134 The experimental V001/V111 
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is dependent on the following parameters, temperature and concentration of 
etchant, etchant additives, doping concentration of the Si substrate and the 
presence of miscut in Si substrate. Stirring of the solution is essential as it 
ensures homogenous etching rate within the solution. The apparatus for the 
etching of the Si(100) substrates used in our experiment is shown in Figure 4-
2. A beaker containing the etchant with a thermometer to monitor the 
temperature and a stirrer make up the apparatus. Heating of the solution is 
carried out by a hotplate. 
 
For the purpose of our investigation, KOH etching of the substrates were 
conducted by keeping all parameters constant except the etching temperature. 
The etchant used was 30 wt.% KOH solution with 15 vol.% of isopropanol 
alcohol (IPA). It was observed that the etching profile of the expose surface 
was affected to a large extent by the temperature of the etchant. Two things 
must be noted, the boiling temperature of IPA is about 85 oC and the boiling 
temperature of KOH is about 135 oC. 
 
Figure 4-2. Apparatus for the anisotropic etching Si(100) substrate in aqueous 
potassium hydroxide solution. 15% IPA was added to the solution to reduce 
the fast etching rate of the {001} plane and also to improve the surface 
smoothness of the exposed {111} facets. 
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The main functions of adding IPA to the KOH etchant is to reduce the fast 
etch rate of the {001} plane and enhance the surface smoothness of the 
exposed {111} surfaces as shown in Figure 4-3. It is observed that the surface 
of the expose Si etched in an aqueous KOH solution without the addition of 
IPA solution is extremely rough and has hillock-like morphology. However, 
by adding IPA to the KOH etchant, the surface of the expose sidewalls surface 
is well defined to be {111} facets with relatively smoother surfaces. The 
samples were etched in a 30 wt.% KOH(aq) with etchant temperature of 75 and 
120 oC. These two temperatures were chosen in order to analyze the etching 
process at temperatures ~10 oC below the boiling temperature of IPA (~ 85 
°C) and 10 oC below the boiling temperature of KOH(aq) (130 °C). 
 
Figure 4-3. Plan view SEM image of Si(100) etched in a) KOH solution only 
and b) KOH solution with IPA additive. 
 
Three different samples designated as templates A1, B1, and C1 are fabricated 
as templates for later the growth of III-nitride epilayers. The etch profiles of 
the anisotropically exposed {111} on the Si(100) substrate are engineered by 
! 79!
modulating the etch rates of the silicon planes through variable etchant 
temperatures. Templates A1 and B1 were etched at 75 oC while template C1 
was etched at 120 oC. Template A1 is different from template B1 by the 
pattern array arrangement type; template A1 has the square array arrangement 
of holes while template B1 has the triangular array arrangement of holes. 
Template C1 also has the triangular array arrangement of holes.  
 
The active chemical species responsive for the etching of silicon in an alkaline 
etchant is the hydroxyl ion (OH-). It is therefore, important to maintain an 
adequate volume of water during the etching process. The etch rate of 
templates A1 and B1 are approximately 500 nm/min for samples while the 
etch rate of template C1 is about 200 nm/min. The difference in the etch rates 
is due to different water contents in the etchant during the etching process. At 
a temperature of 120 oC, the water in the solution began to boil and then 
evaporate, resulting in a highly concentrated KOH solution thus the evidence 
of the slow etching rate of 200 nm/min. Figure 4-4 shows the SEM image of 
the as-etched Si(100) substrates with exposed Si{111}sidewalls within the 
etched holes. 
The area of the exposed Si{001} plane at the bottom of the holes was the same 
for both templates A1 and B1. However, there was a large area of Si{001} 
surface at the bottom of template C1. Due to the low etching rate of template 




Figure 4-4. Plan view SEM image of etched Si(100) of (a) square hole array 
patterns etched at 75 oC, (b) triangular hole array patterns etched at 75 oC and 
(c) triangular hole array patterns etched at 120 oC. The etch rate for templates 
A and B was 500 nm/min in the <001> direction, but the etch rate of template 
C was 200nm/min in the <001> direction.  
 
4.2 MOCVD heteroepitaxial growth process of III-nitride films 
 
The MOCVD growth process commenced with an optimization of the growth 
parameters necessary to obtain good quality GaN epilayers grown on the 
patterned Si(100) substrate. Three pieces of templates A1 (shown in Figure 4-
4(a)) were used for the optimization of the growth parameters of GaN 
epilayer. Meanwhile, before the MOCVD growth, it is critical to ensure that 
the Si surface is free from native SiO2 layer. In order to achieve this goal, the 
samples were immersed in a 5% HF solution for 30 seconds prior to MOCVD 
growth process. Once the samples are inside the MOCVD chamber, the 
temperature of the chamber is set to 1000 oC for 15 minutes for pre-treatment 
of the Si surfaces. This pre-treatment step was done in H2 ambient. The 
presence of hydrogen causes the etching of the silicon surface at the high pre-
treatment temperatures. It is important to note that, the surface of the silicon 
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may be rough if the pre-treatment duration is not optimized. Figure 4-5 
illustrates the effect of pre-treatment duration on the surface roughness of the 
silicon substrate. It is important to ensure that the annealing duration is 
optimized to avoid the extreme roughening of the substrate surface as it can be 
seen if the Si substrate is annealed for 30 minutes (Figure 4-5(d)).  
 
Figure 4-5. Pre-treatment of Si(100) surface at high temperatures (~ 1000 oC) 
prior to III-nitride film growth at different annealing duration. The surfaces of 
the Si atoms undergo reconstruction leading to roughening of the smoothening 
and roughening of the surface depending on the annealing duration. 
 
At the pre-treatment temperature, the surface of the Si(100) substrate 
undergoes reconstruction which can either be stable or metastable 
reconstructions at equilibrium. Prolonged pre-treatment duration leads to 
rough III-nitride deposition. After the substrate annealing, TMAl is injected 
into the growth chamber through the gas flanges at a flow rate of 50 sccm with 
hydrogen gas as carrier gas for 40 seconds. The essence of the aluminum pre-
deposition was to avoid the formation of amorphous SiNx through the reaction 
! 82!
of NH3 with the Si surface. The first layer to be deposited was AlN epilayer, 
which was deposited non-preferentially on both masked and exposed {111} 
facets of the Si(100) substrate. 
 
The growth pressure of 100 torr and gas flow rate of 80 sccm of TMAl were 
used in depositing the AlN buffer layer. The growth rate of AlN buffer layer 
was ~1.1 µm/hr resulting in the AlN layer of about 70 nm thick. The V/III 
ratio for depositing the AlN buffer layer was about 1100. AlN was deposited 
as a buffer layer on the Si substrate to avoid the direct contact of GaN with Si, 
which leads to the meltback etching of the Si substrate.  
 
About 150 nm thick Al0.2Ga0.8N layer was then deposited as an intermediate 
layer between the AlN buffer and the undoped GaN epilayer at a growth 
pressure of 120 torr and temperature of 1010 oC. The growth structure was 
terminated with a 1 µm thick undoped GaN epilayer grown at three different 
pressures but the constant temperature and V/III ratio of 1010 oC and 2500, 
respectively. The growth conditions (i.e. growth temperature, pressure and 
V/III ratio) of the buffer layer and intermediate AlGaN layer were optimized 
growth parameters. The growth temperature and V/III ratios are also 
optimized for GaN epilayer growth for simplicity. A different pressure was 
used for growing GaN epilayer on each of the three A1 templates to be 
designated as samples A90, A100 and A120. The numeric digits of the sample 
ID refer to different growth pressures of 90, 100 and 120 torr. The entire 
growth process was performed with hydrogen gas as both the carrier and push 
gas. Table 4-1 tabulates the growth conditions of samples A90, A100 and 
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A120. The surface morphology of the as-deposited GaN film was analyzed 
with SEM. The optimized growth pressure was adopted to grow high quality 
GaN on the three different samples A2, B2 and C2 on Si(100) patterned 
substrates. 
Table 4- 1. MOCVD growth conditions of samples A90, A100 and A120. 
Sample A90 A100 A120 
 
AlN 
Temperature/ oC 1020 1020 1020 
Pressure/ Torr 70 70 70 
V/III 1100 1100 100 
 
AlGaN 
Temperature/ oC 1010 1010 1010 
Pressure/ Torr 120 120 120 
V/III 2000 2000 2000 
 
GaN 
Temperature/ oC 1010 1010 1010 
Pressure/ Torr 90 100 120 
 
4.2.1 Surface morphology of the as-grown GaN layer 
 
Due to the high mobility of Al adatoms, even the SiNx hard masked region 
was covered with the AlN film. This observation is undesirable and in later 
section, an approach to avoid the growth of III-nitrides, especially GaN on the 
hard mask region will be discussed. Figure 4-6 is a schematic representation 
of the growth mechanism of III-nitrides on the exposed slanted {111} facets 
on the Si(100) substrate.  
 
The growth mechanism of the III-nitrides on the slanted Si{111} growth plane 
is divided into three fundamental stages. The initial growth stage involved the 
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nucleation and growth of hexagonal III-nitride crystals on the exposed 
Si{111}facets, consequently, polycrystalline GaN was also deposited on the 
SiNx masked region and on Si{001}surface at the base of the holes. However, 
the growth rate of GaN on the Si{111} facets was faster than the other regions. 
The growth direction of GaN propagated along the Si[111] direction with an 
epitaxial relationship of GaN(0001)//Si(111). 
 
During the second phase of the growth, III-nitride islands enlarged in size to 
form bigger crystals with the {0001} still as the faster growing plane. As the 
growth of the III-nitride film continued, competition for the faster growing 
plane ensued between the {0001} and {10ī1} planes. The {10-11} plane is 
typically a self-evolving plane and with a slow growth rate compared to the 
{0001} at the initial stages.106 As growth continued, the greater area of the 
GaN{10ī1} surface were exposed to the Ga and N adatoms, resulting in the 
increase in the growth rate of {10-11} plane and subsequent reduction in the 
growth rate along the {0001} planes. This marked the third and final stage in 
the growth process.  
 
The III-nitrides will preferentially be deposited on the Si{111} plane over the 
Si{001} plane due to the threefold atomic symmetry of the {111} plane as 
opposed to the otherwise fourfold symmetry of the Si{001} surface. However, 
it was still possible to observe the substantial III-nitride film on the Si{001} 
surface at the bottom of the etched holes. 
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Figure 4-6. Schematic illustration of the growth structure of III-nitride 
epilayers on the an anisotropically etched hole patterned Si(001) by MOCVD.  
 
The density of the III-nitride on the {001} surface is dependent on the exposed 
surface area of the {001} plane at the bottom of the etched hole. The SEM 
images of the as-deposited III-nitride for all three samples A90, A100 and 
A120 are shown in Figures 4-7, 4-8 and 4-9. It is observed that the density of 
the V-pits on the GaN(0001) plane, which is due to the propagation of mixed-
type and edge-type threading dislocations increased with growth pressures. 
The surface mobility and surface migration of the GaN adatoms needed to 
coalesce into continuous film also increased with decreasing pressure. At 
pressures of 100 and 120 torr, growth of GaN on the slanted {111} facets 
resulted in the 3D islands. However, by lowering the pressure to 90 torr, it was 
observed that the lateral growth rate of GaN epilayer increased, leading to a 
relatively smoother and continuous GaN film.  
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Figure 4-7. Plan view SEM images of a) and b) GaN grown at 90 torr on the 
multifaceted {111} sidewalls of the etched holes on Si(100) substrate, and c) 
cross section of the b). 
!
 
Figure 4-8. a – b) Plan view and c) SEM images of GaN grown at 100 torr on 




Figure 4-9. a) – b) Plan view and c) cross section of SEM images of GaN 
grown at 120 torr on the multifaceted {111} sidewalls of the etched holes on 
Si(100) substrate. 
 
The growth difference between the samples A90, A100 and A120 is connected 
to the thickness of boundary layer formed on the substrate surface rotating at 
800 rpm. The gas precursor in a vertical rotating disk reactor forms an 
axisymmetric flow pattern. The thickness of the boundary layer δ in an 
axisymmetric flow pattern is defined as the following equation. 135 
! ≈ 2.2 !!!!!!!!.       (1) 
Where η is the viscosity, rs is the radius of the stream fluid, ρm is the mass 
density and !!! is the fluid velocity.  
 
The thickness of the boundary layer increases with decreasing pressure due to 
lower mass density in the reactor. However, the mass flux through the 
boundary layer is proportional to the diffusion constant Df of the precursor gas 
in the boundary layer. For a boundary thickness of δ, the mass flux is defined 
as Df/ δ.136 Therefore the diffusion constant Df is inversely proportional to the 
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pressure. Hence the mass transport of the precursors within the boundary layer 
increased with lower growth pressure. This explains why there is apparent 
greater precursor atom mobility and surface migration on the exposed {111} 
facets observed for the sample A90 compared to the samples A100 and A120. 
 
Based on the observations made from the microstructure of the GaN films of 
samples A90, B100 and C120, three new samples were prepared. The 
objective of the current growth run was to investigate the effect of the etch 
profile on the quality of the GaN epilayer grown on the slanted {111} facets 
exposed on the patterned Si(100) substrates. Templates A1, B1 and C1 were 
used for these experiments (see Figure 4-4). The III-nitride growth structure 
of the previous run was unchanged and the growth condition for the AlN 
buffer layer and AlGaN interlayer remained unchanged from the previous 
samples. The only change that was introduced in the current growth was the 
growth pressure of GaN films. From the previous results and observations the 
pressure for the deposition of GaN epilayer on all three templates (A1, B1 and 
C1) was at 90 torr. 
 
Figure 4-10 shows the SEM images of both the plane and the cross sectional 
views of the samples A2, B2 and C2 and control sample which is GaN grown 
on planar Si(111) substrate [Ref_Si(111)]. It is observed that the density of III-
nitrides crystalizing on the {001} plane increased with the area of exposed 
{001} surface at the bottom of the etched holes. The surface area of the {001} 
plane was about 30% of the entire etched hole in sample C2. Thus competition 
for III-nitride adatoms between the slanted Si{111} and Si{001} planes 
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existed. V-pit defects were observed on the GaN{0001} surface but not on the 
GaN{10-11} plane. The large void at the center of each hole for sample C2 
required enormously a longer growth duration to obtain coalescence of GaN 
epilayer over the holes. It is worth noting that, the cross sections of the 
samples A2 - C2 is not typical of the actual thickness. The main difference 
between samples A2 and B2 is the array pattern arrangement. The array 
pattern arrangement of sample A2 is square lattice and sample B2 is triangular 
lattice.  
 
The difference in the crystal quality of the three samples will be analyzed with 
HRXRD, Raman scattering and PL spectroscope in the later sections. 
Threading dislocations usually move along the growth direction and this is 
evident by the high density of V-pits which are observed on the GaN{10-11} 
plane of the as-grown GaN samples (see Figures 4-10 (a) –(c)). 
 
Figure 4-10. SEM plane (top) and cross section (bottom) view of GaN grown 
at 80 torr on templates a) A2, b) B2 and c) C2 and d) GaN grown on planar 
Si(111) substrate. 
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4.2.2 Crystal structure characterization of as-grown GaN 
epilayer grown on {111} facets exposed on Si(100) substrate 
 
A PANalytical X’Pert PRO MRD with a Cu-Kα1 (λ = 1.540598 Å) was used 
in analyzing the crystal structure and quality of the as-grown GaN samples. 
Both the symmetric and skew-symmetric geometry scans were performed in 
order to determine the lattice constants a and c of the GaN films grown on the 
different Si(100) templates. The ω-2θ scan of the symmetric scan of the 
GaN(0002) is shown in Figure 4-11. It was observed that only GaN(0002) and 
Si(111) reflections appeared for all four as-grown GaN samples. This indicates 
that the GaN deposited is wurzitic with no cubic (zincblende) phase contrary 
to the observation in a previous report114,137 where authors reported both the 
wurtzite and zincblende phases of GaN grown on the {111} factes exposed on 
patterned Si(100) substrate. The insert of Figure 4-11 is a magnified image 
showing the (0002) reflections of the III-nitride epilayers. From the insert, it is 
clearly seen that the Bragg angle for the Ref_Si(111) is shifted more to a lower 
angle towards the Si(111) peak than the other samples. This observation 
indicates a higher compressive strain along the GaN(0002) plane compared to 
the other samples. Furthermore, the ω-2θ scan of skew-symmetric GaN(10-11) 
scan is shown in Figure 4-12 for samples A2, B2 and C2 (NB. The ω-2θ scan 
result for Ref_Si(111) was not shown I Figure 4-12 due to the difference in 




Figure 4-11. High-resolution X-ray diffraction (HR-XRD) ω-2θ scan of the 
symmetric GaN(0002) reflection for samples A2, B2, C2 and Ref_Si(111). 
!
Once again, it was observed that only GaN(10-11) and Si(004) reflections 
were observed confirming the single phase GaN crystals. It was observed that 
the GaN(10-11) reflection of sample C2 was much broader than the other 
samples. Further analysis of the reflection revealed that it is a convolution of 
two GaN crystals that are misoriented from one another by 30o (see discussion 
on phi scan below). Such an anomaly in sample C2 may be inferred to indicate 
poor quality GaN epilayer due to extended, defects such as threading 
dislocations or stacking faults. The ω-2θ scan of the in-plane GaN(10-11) 
reflection of the control sample is not shown. 
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Figure 4-12. HR-XRD ω-2θ scan of the skew-symmetric scan of GaN(10-11) 
reflection for samples A2, B2 and C2. 
 
Table 4-2 shows the calculated lattice parameters a and c of all as-grown GaN 
samples according to the procedure described in ref. 138 according to the 
equation: !!!!"! = ! !! !!!!!!!!!!! + !!!!       (2) 
where d is the inter-planar spacing, h,k,l are the Miller indices, a and c are in-
plane and out-of-plane lattice parameters, respectively. 
 
The calculated out-of-plane lattice parameters c, of all the samples were 
smaller than the lattice parameter of an unstrained strain-free GaN (i.e. 5.185 
Å) while the in-plane lattice parameter a was larger than that of a strain-free 
GaN (i.e. 3.189 Å). This indicates that the as-grown GaN epilayer was strained 
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in compression along the c-axis and strained in tension along the a-axis as is 
expected for growth of GaN on Si substrates. Table 4-2 is the summary of 
crystal structure parameters from XRD results. 
 
Table 4- 2. Summary of lattice parameter a and c, calculated from the ω-2θ 
scans of GaN(0002) and GaN(10-11), respectively. For sample C2, the broad 
GaN(10.1) reflection has been deconvoluted into separate a values.  
Sample ID Lattice Parameter c /Å Lattice Parameter, a /Å 
A2 5.169 3.212 
B2 5.175 3.195 
C2 5.165 3.217/3.205 
Ref_Si(111) 5.160 3.221 
 
In order to ascertain the origin of the broadened GaN(10-11) peak in sample 
C2, in-plane ϕ scans of GaN(10-11) reflection were performed for all four 
samples (Figure 4-13). As it is typical of hexagonal crystal, the phi scan of the 
GaN(10-11) reflection of samples A2, B2 and Ref_Si(111) exhibited six peaks 
through a 360o phi rotation. However, the anomalous phi scan, which showed 
12 peaks as was observed for sample C2, illustrated the co-existence of two 
GaN domains; the 12 diffraction peaks are separated 30o from one another, 
which illustrate bidirectional GaN hexagonal crystal domains misaligned by 
30o to one another (i.e. non-coalescing domains). As previously explained in 
the proposed model in Figure 4-6, an initial 30o misalignment can occur near 
the edge of the top of the etched holes. The misoriented GaN domains may 
also originate from the bottom of the etched hole where GaN is grown on the 
Si{001} surface. It has been reported that the growth of GaN on the Si(001) 
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without the appropriate growth optimization leads to GaN domains that are 
rotated by 90o from one another.68 
 
Figure 4-13. XRD phi (ϕ) scan of the GaN(10-11) reflection of (a) sample A2, 
(b) sample B2, (c) sample C2 and (d) sample Ref_Si(111). The six peaks 
separated by 60o of samples A2, B2 and Ref_Si(111) confirms the wurzitic 
structure of the deposited GaN. Meanwhile, an extra set of six peaks yielding 
12 peaks in total separated by 30o from one another was observed. The phi 
scan result of sample C2 indicated the co-existence of two GaN domains 
rotated by 90o from each other.  
The full width at half maximum (FWHM) of the ω-scan represents an 
indication of the quality of an epitaxial film. Tilt and twist in the epifilm 
usually cause the broadening of the symmetric and skew symmetric 
reflections, respectively. In other words for a high dislocation density sample, 
the pure screw dislocations cause tilt in the crystals while the pure edge 
dislocation causes twisting of the epifilm.139,140 However, it has been observed 
that certain growth methods including epitaxial lateral overgrowth (ELO) may 
also contribute to the ω-scan broadening. In a typical ELO sample, the 
epilayer experiences crystal tilt near the edges of the overgrown “wing”.141 
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Figures 4-14 (a) and (b) show the ω-scans of the symmetric GaN(0002) plane 
and the skew symmetric GaN(10-11) plane, respectively. It was observed that 
the except for sample C2, the FWHM of the ω-scan of GaN(0002) was about 
1.5 times broader than the ω-scan of GaN(10-11) plane. This indicates that 
there is a higher dislocation density along the GaN(0002) than the GaN(10-11) 
plane. This observation is evident from the high density of V-pits on the 
GaN(0002) plane (see Figure 4-10). The ω-scan of the GaN(10-11) plane of 
sample C2 showed a broader width due to the co-existence of two GaN 
domains that was seen in the earlier ω-2θ scan. Therefore, it can be concluded 
that the threading dislocation density (TDD) on the GaN(10-11) surface is 
lower than that of the GaN(0002) primarily due to the fact that, the 




Figure 4-14. ω-scan of (a) GaN(0002) and (b) GaN(10-11) of samples A2, 
B2, C2 and Ref_Si(111). The broader GaN(0002) widths compared to the 
width of GaN(10.1) is due to the presence of high density of V-pits which are 
dislocation lines terminating on the GaN(0002) surface. In (b), sample C2 
showed broader width than the other samples due to the co-existence of two 
GaN domains along this plane. 
 
4.2.3 Optical characterization of as-grown GaN epilayer grown 
on the {111} facets exposed on Si(100) substrate 
 
Photoluminescence (PL) and µ-Raman scattering spectroscopes were the 
optical characterization to study the optical quality of the as-grown samples 
A2, B2, C2 and Ref_Si(111). An excitation wavelength of 325 nm and 488 nm 
were used in probing the samples for the analysis of the PL characteristics and 
Raman scattering, respectively. Both Raman scattering and PL spectroscopes 
are useful tools in semiconductor material processing and monitoring due to 
their non-destructive mode of operation. Figure 4-15 illustrates the 
temperature dependent PL spectra of the four GaN samples. The samples were 
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analyzed in a temperature range from 15 K to 300 K. During the experiments, 
each set temperature of the samples was allowed to stabilize for over 2 
minutes before probing the sample PL analysis. In all four samples, it was 
observed that the dominant luminescence transitions involved the 
recombination of free excitons (FX) and neutral donor bound to exciton 
(DoX). Integral multiples (n=1, 2) of the phonon replicas were observed in all 
four samples at a lower temperature ranging from 15 to 160 K for the majority 









Figure 4-15. Temperature dependent photoluminescence (PL) of (a) sample 
A2, (b) sample B2, (c) sample C2 and (d) Ref_Si(111). The near band edge 
emission and their corresponding longitudinal optical (LO) phonon replicas of 
GaN were observed in all four samples. 
 
Figure 4-16 shows the PL spectra of all samples under investigation taken at 
15 K. From Figure 4-16, with the exception of sample B2, the DoX was the 
dominant luminescence line at 15 K. For Sample B2, the FX transition was the 
dominant luminescence phenomenon at 15 K (Figure 4-16 (b)). Two different 
arguments can be raised in this scenario to explain this phenomenon. In 
argument 1, the reason for the observation can be understood by assuming the 
same donor species (D) in all samples and thus considering the radiative 
emission rate: 
!(!"!")!"#$"%$&' = !−!!!!,          (3) 
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where N is the population of carrier at the excited states, A is Einstein 
coefficient which describes the emission probability and t is time  
Equation (3) can be solved to give: 
! ! = ! ! !"#− !" = ! ! !"#− ( !!!) ,    (4) 
where !! is the radiative lifetime.  
From Equations (3) and (4), since the emission probability A for the DoX will 
be the same in all samples (assuming a common D), and they are all GaN 
samples, the main difference will be the population/concentration of Di, which 
was the lowest in sample B2. In the second argument, it assumed that donor 
species (Di) responsible for the DoX transition is different in each of the 
samples. In such a scenario, the probability of excitonic thermalization process 
Qex[s-1] is proportional to exp(-Eex/kT), where Ei is the thermal activation 
energy for excitonic dissociation.  
!
Thus it can be concluded that, sample B2 has a relatively lower Ei compared to 
the other samples, resulting in the reduction in the intensity of the DoX 
luminescence of sample B2. The energy (or wavelength) of luminescence lines 
is affected by strain in the film, temperature of the sample and the excitation 
intensity. However, since the experiment was conducted under the same 
temperature and with same laser excitation power, the shifts in luminescence 
lines are mainly due to residual strain in the film. The presence of strain in the 
films causes the splitting of the valence band degeneracy.142 This perturbation 
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to the degeneracy of the valence band causes the heavy and light holes to 
assume different energies. 
 
Figure 4-16. Micro PL spectra of a) sample A2, b) sample B2, c) sample C2 
and d) Ref_Si(111) showing the free exciton (FX), excition bound to a neutral 
donor (DoX) and free exciton longitudinal optical (LO) phonon replicas taken 
at a temperature 15 K. At 15 K, DoX is the dominant luminescence for 
samples A2, C2 and Ref_Si(111) but FX is the dominant luminescence for 
sample B2 at the same temperature. 
 
The valence band of wurtzite GaN is split into three subbands namely A, B 
and C, due to the crystal-field splitting and spin-orbit coupling. Thus free 
exciton luminescence may involve holes from each of the subbands. However, 
the ability to observe a fine PL spectrum with clear A, B and C free excitons 
requires samples with higher material quality and also the PL measurement 
done at temperatures around 2 - 5 K. From Figure 4-16, it was impossible to 
deconvolute the FX luminescence line into the various A, B and C excitons. 
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This is partly attributed to the overall quality of the samples and the presence 
of residual strain in the GaN film. The full width at half maximum of 
especially the FX luminescence was found to be broader than 1.8 kBT (kB is 
the Boltzmann’s constant) at 15 K. It was found that sample B2 showed the 
broadest FX width. This is attributed to the fact that, the A and B excitons had 
convoluted into a single peak. This observation was made only in sample B2 
due to higher GaN quality compared to the other three samples.  
 
The presence of strain can either by biaxial or hydrostatic. Biaxial strain 
originates from the lattice mismatch and thermal expansion mismatch between 
the Si substrate and the III-nitride films while hydrostatic strain originates 
from point defects presents in the epitaxial layer.143,144,145 However, due to the 
fact that the samples under investigation were all deposited under the same 
conditions, we will assume the hydrostatic strain is constant in all samples, 
thus the only strain component that will be considered for accessing the 
quality of all four samples is biaxial strain.  
 
The peak positions of the FX transitions of all samples and their phonon 
replicas at 15 K are listed in Table 4-3.  The residual strain in the GaN 
epitaxial layer deposited on Si substrate is tensile in nature and this causes the 
red-shift (lower energy) of the near-band-edge (NBE) transitions. Taking 
sample B2 as the reference, samples A2, C2 and Ref_Si(111) are red-shifted 
(ΔE) by 9, 12 and 18 meV, respectively at 15 K and 20, 25 and 30 meV, 
respectively at 300 K (room temperature). The red-shift in energy position of 
the NBE emissions of the samples A2, C2 and Ref_Si(111) represented an 
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increase in the tensile strain in the GaN epilayer of these samples compared to 
ample B2. 
 
Table 4- 3. Peak energy of free excitonic transition and related phonon replica 
of GaN films at 15 K 
 
Among the four samples, the control sample (Ref_Si(111)) is the most stressed 
and while the patterned growth of GaN on the patterned Si(100) samples are 
relatively less stressed. This was expected since patterned substrates are 
known to be effective in reducing strain in epilayers.68,104 Another interesting 
observation made regarding the peak energy of the phonon replicas of the free 
excitonic transition in all the GaN films.  
 
The energy difference (ΔE) between longitudinal optical (LO) phonon replicas 
and their respective FX for GaN is theoretically and experimentally 
determined to be an integral multiple of 91 meV. The phonon replicas are 
observed due to the strong excitonic-phonon coupling of the ionic GaN 
epilayer. As the holes relax to the ground state due to the excitonic 
recombination processes, this causes the vibration of the lattice generating LO 
phonon replicas. In all the four samples grown, the first and second order LO 






A2 3.506 3.424 (0.082) 3.327(0.179) -- 
B2 3.512 3.423(0.089) 3.33(0.182) -- 
C2 3504 3.431(0.073) 3.324(0.18) -- 
Ref_Si(111) 3.502 3.422(0.08) 3.337(0.165) 3.229(0.273) 
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phonon-assisted free excitonic emissions have been observed except for 
Ref_Si(111) where a third order LO phonon was observed.  
 
It was observed that the ΔE between certain LO phonons and the FX 
luminescence shifted from the expected 91 meV, the cumulative ΔE remained 
unchanged. The change in the ΔE for certain LO replicas is attributed to a 
large strain in samples especially, samples A2, C2 and Ref_Si(111). However, 
the cumulative ΔE remained unchanged due to the adiabatic potential of the 
excitonic-phonon coupling predicted by the Huang-Rhys factor, S.146 The 
larger the S, the stronger the exciton-phonon coupling and the broader the PL 
band. One effect of the strong exciton-phonon interaction is the broadening of 
PL band at room temperature (RT).  
 
Figure 4-17 is a plot of the full width at half maximum (FWHM) of the NBE 
emission of all samples at RT. It was observed that, the FWHM was the 
narrowest for Ref_Si(111) [48 ± 2meV] followed by B2 [50 ± 3 meV], A2 [74 
± 5 meV] and C2 [80 ± 3 meV] in the increasing order of FWHM. The width 
of both samples B2 and Ref_Si(111) agree with the theoretical prediction of 
1.8 KBT, indicating higher optical qualities. The broadening of PL band of 
sample A2 and C2 is attributed to a number of factors, including stronger 
exciton-phonon coupling, lower material quality and higher magnitude of in-
built strain in the GaN film.  
 
Due to the difference between the capture rate of bound holes (electrons) or 
excitons and the recombination rate, the determination of the quantum 
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efficiency (QE) parameter ηi is a good indication of the quality of the 
luminescence process for all the various recombination channels. 
 
In PL experiment, it is observed that the integrated intensity of the given 
recombination channel at a given temperature depends on the quenching state 
of the rest of the channels. Thus the increase (decrease) of the PL intensity of a 
recombination channel IPL(T) at a given temperature dependence on the 
stepwise thermal quenching of other recombination channels. 
 
Figure 4-17. Plot of the full width at half maximum (FWHM) of samples A2, 
B2, C2 and Ref_Si(111) at room temperature. The broadening of the PL band 
is attributed to stronger exciton-phonon coupling. 
The stepwise increase in the recombination of unquenched channels (Ri) over 
quenching the recombination channels of the ith channel is expressed 
mathematically as: !! ≈ !+ !!(!)!! !!(!)!  .        (5) 
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where ni and nj are the efficiencies of ith recombination channel quenching 
and quenched recombination channels prior to ith channel quenching, 
respectively.  
 
The absolute values of the QE can be determined by relating the intensity of 
the recombination channels at low by: 
!! ! = ( !!!!! + ! !!!"(!)!!!!"(!) )!!.              (6) 
 
However, in practice, the QE is determined by taking the ratio of the 
integrated intensity of the recombination channel at room temperature (IRT) to 
the integrated intensity of the recombination channels at low temperature (ILT) 
where the effect of thermalization of excitons and bound holes are considered 
negligible. Figure 4-18 is the graph of the QE of the NBE emission of all four 
samples. It is observed that samples B2 and C2 showed the highest and lowest 
QE of 10.8 and 2.9 %, respectively. This indicates a higher material quality 
and optical luminescence performance for sample B2 compared to all the other 
samples. It is exciting to note that the growth of GaN on the patterned Si(100) 




Figure 4-18. Quantum efficiency (QE) of the NBE emission of samples A2, 
B2, C2 and Ref_Si(111). The QE represents the contribution of thermally 
activated recombination channels in the as-grown samples and it is observed 
sample B2 shows the higher QE of 10.8 % at room temperature.  
 
In order to confirm the strain state of the GaN film in all the four samples, 
Raman scattering was conducted at room temperature with 532 nm laser 
excitation. The spatial resolution of the microscope was 3 µm allowing for a 
GaN growth on a single etched hole to be probed at a time for samples A2, B2 
and C2. The different Raman vibrational modes are observed under different 
selection rules according to the Porto’s notations are shown in Table 4-3. The 
first order Raman active modes include: 





Table 4-4. Raman scattering configurations required in observing the first 
order phonon modes according to selection rules based on Porto’s notation. 
 
In our experiment, the measurement configuration adopted was Z(Y,Y)!. 
Figure 4-19 is a Raman scattering spectra of samples A2, B2, C2 and 
Ref_Si(111) taking at room temperature where both E2-high, longitudinal 
optical (LO) component of either A1  or E1 phonon mode and transverse 
optical (TO) phonon mode of Si were observed. Among the Raman phonon 
modes, the E2-high mode is sensitive to in-built strain in the film.147,148 The 
E2-high Raman active phonon frequency of the various samples are indicated 
in the insert of Figure 4-19. 
 
In order to access qualitatively the strain state of the samples, the change in 
frequency, (Δω) of the respective E2-high of the all samples is compared with 
the E2-high frequency of a strain-free GaN film. The E2-high frequency of a 
strain-free GaN grown on Si substrate was determined to be 567.6 cm-1.149 The 
other Raman active phonon modes identified include the A1(LO) and the 
E1(LO). 
Mode Configuration 
A1(TO), E2 X(Y,Y)! 
A1(TO) X(Z,Z)! 
E1(TO) X(Z,Y)! 
E1(TO), E1(LO) X(Y,Z)Y 
E2 X(Y,Y)Z, Z(Y,X)! 
A1(LO), E2 Z(Y,Y)! 
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Figure 4-19. Room temperature Raman spectra recorded in z(y,y)! scattering 
configuration. The insert is a magnified view of the E2-high phonon modes 
window. 
 
The FWHM of the E2-high phonon provides information on the crystal quality 
of the material. The FWHM of the samples are shown in Figure 4-20. The 
FWHM of the E2-high phonon mode of the samples were 8.415, 8.108, 9.078 
and 8.018 cm-1 for samples A2, B2, C2 and Ref_Si(111), respectively. The 
average width of the E2-high mode of ~8.4 cm-1 of all the samples is relatively 
larger than the best GaN samples published. Thus the growth of the samples 
needs some optimization to improve the quality, which will be tackled in 
future chapters. 
 
Detail analyses of the peaks centered at 745 cm-1 are shown in Figure 4-21. 
The analyses showed that the peak at 745 cm-1 was either an A1(LO) or 
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E1(LO) phonon mode. The A1(LO) phonon is known to be affected by the free 
carrier-phonon interactions. 
 
Figure 4-20. Plot of FWHM of the E2-high phonon mode of samples A2, B2, 
C2 and Ref_Si(111). The dotted line is to guide the eyes. 
 
In samples A2 and B2, the A1(LO) phonon mode was not observed and this is 
attributed to the strong exciton-phonon interactions. However, the quasi-
E1(LO) phonon mode was observed in all three GaN samples grown on the 
patterned Si(100) except GaN grown on the conventional Si(111) substrate. 
The observation of the quasi-E1(LO) was made possible due to the scattering 
configuration of the patterned samples as shown in Figure 4-22. The 
scattering configuration of sample Ref_Si(111) does not satisfy the selection 
rule for E1(LO). In the case of sample B2, both E1(LO) and A1(LO) phonon 
modes were observed, indicating higher crystal quality and lower exciton-
phonon interaction which was also observed by the PL analyses. The A1(LO) 
phonon mode in sample B2 was observed at 734.05 cm-1 but with peak 
intensity about half lower than the E1(LO) phonon mode at 751.701 cm-1. The 
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frequency of the A1(LO) phonon mode of sample B2 agrees well with the 
results reported for the best GaN samples confirming the high material quality 
of the GaN film.  
 
Figure 4-21. Gaussian profile fitting of the A1(LO) and E1(LO) phonon modes 
of GaN. Observation of both E1(LO) and A1(LO) is seen only in sample B2 
due to higher GaN quality. 
 
The A1(LO) phonon mode observed of sample Ref_Si(111) at a peak 
frequency of 743.11 cm-1 is shifted to a high frequency relative to the reported 
reference.150 this shift is also attributed to the strong exciton-phonon 
interaction that was evident by the PL spectroscopy. The E1(LO) phonon 
frequency for all GaN grown on the patterned Si(100) substrate was shifted to 
a higher frequency compared to that reported for high quality GaN sample at 
741 cm-1. The huge shift in the frequency of the E1(LO) of the patterened GaN 
samples from the reference 741 cm-1 is due to the high roughness of about 
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3nm of the GaN(10-11) surface determined by atomic force microscopy 
(AFM). This observation indicated that the E1(LO) phonon mode is sensitive 
to the surface roughness and film coalescence.  
 
Figure 4-22. Raman scattering configuration illustrating the different 
geometries for selecting different phonon modes of a) E2-high and A1(LO) b) 
quasi-E1(LO) and c) E2-high, A1(LO) and E1(LO). Sample Ref_Si(111) was 
measured in the configuration shown by a). Samples A2, B2 and C2 were 
measured in the configuration shown by c). Configuration c) is an intermediate 
between a) and b) and this is the reason why the quasi-E1(LO) phonon mode 
was observed in sample A2, B2 and C2 and not in sample Ref_Si(111). 
 
The summary of the Raman scattering frequencies is listed in Table 4-5. The 
Δω between GaN films grown in this work and strain-free GaN adopted from 
Ref. 17 was higher in sample Ref_Si(111)  than other samples, while sample 
B2 showed the least frequency shift. The magnitude of the shift in frequency is 
indicative of strain within the GaN film, hence sample Ref_Si(111) can be 
inferred to be under more biaxial strain than all the other samples. Meanwhile, 




The explanation for the consistent improvement in the quality of GaN epilayer 
of sample B2 compared with sample A2 although the etched profiles are 
similar lie in the array pattern. The triangular array pattern of sample B2 
matches with the triangular lattice of the {111} plane of Si. It was pointed out 
earlier in section 2.3.1 that, the square lattice of the {001} plane of Si on the 
other hand is not suitable for growth of wurtzite GaN. 
!
Table 4-5. Summary of the active Raman phonon frequency of GaN samples 
taken under room temperature. 
Sample E2-High/cm-1 Δω/cm-1 A1(LO)/cm-1 E1(LO)/cm-1 
A2 566.65 0.75  751.355 
B2 567.17 0.43 734.053 751.701 
C2 566.64 0.76 -- 751.740 
Ref_Si(111) 565.52 1.18  743.111 
 
* Δω is the difference between the individual E2-high phonon frequency of the 
GaN samples and a strain-free GaN reference [adopted from Ref. 17]. 
 
In order to establish the fact that the growth of GaN on the triangular array 
arrangement was preferred over the square array arrangement, the growth time 
of the samples A2 and B2 were increased to 2.5 hours for the film to coalesce, 
all other growth conditions were kept constants. The GaN film for sample A2 
is defective with lots of uncoalesced regions due to possible misoriented 
crystals. This is synonymous to the growth of wurtzite GaN on the four atomic 
symmetry surfaces of Si(100). However, on the other hand, the plan view 
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SEM image of sample B2 shows that the GaN epilayer has coalesced into a 
complete film. Once again sample B2 is synonymous to the three fold atomic 
arrangement of Si(111) surface which is desirable for the growth of wurtzite 
GaN. Figure 2-23 is the plane view SEM of the as-grown GaN of samples A2 
and B2 after 2.5 hours of GaN growth duration. 
 
Figure 4-23. Plan view SEM of GaN epilayer grown on samples a) A2 and b) 
B2 after GaN growth duration of 2.5 hours. The GaN film in sample A2 could 
not coalesce due to crystal misorientation between different islands.  
 
4.3 Surface passivation of the Si(100) substrate with dielectric 
films 
 
In the preceding section, it was observed that the use of the SiNx was not 
effective in enabling selective area growth (SAG) on the exposed Si{111} 
facets. Instead deposition of III-nitride films were obtained on the SiNx 
masked areas too. The objective of this section was therefore, to investigate a 
new material for use as a hard mask to substitute for SiNx layer. TiN was 
chosen for this work due to its high melting temperature (~ 2930 oC) and high 
chemical, mechanical and physical stability within MOCVD growth 
conditions and its non-toxicity. TiN also serves as a good diffusion barrier for 
Si into the GaN related epilayers. The difficulty with PECVD deposited SiNx 
is that, it has pin-holes and other defects. PECVD SiNx is also deposited with 
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NH3 as precursor gas forming a hydrogen complex in the form of SiNx:H. At a 
high MOCVD growth temperature, the hydrogen is driven out, resulting in 
SiNx with more pinholes. Growth of III-nitride films thus takes place on the 
pin-holed -SiNx mask layer and hence reducing the growth selectivity of the 
III-nitride epilayer. 
 
4.4 Increased GaN growth selectivity with Titanium nitride 
(TiN) film as passivation layer  
 
Three Si(100) substrates were cleaned according to RCA-1 procedures prior to 
Ti metal deposition. An optimized thickness of about 20 nm titanium (Ti) 
metal (99.999%) was deposited by an electron beam evaporator on the Si(100) 
substrates. The pressure of the deposition chamber was 5x10-7 torr and the 
deposition temperature was about 20 oC. The conversion of Ti into TiN was 
done at a temperature of 900 oC at three different pressures viz. 150, 200 and 
250 Torr. Purified nitrogen (99.999%) gas flow of 10 slm was used for the 
conversion purpose in all three samples. Deposition of the III-nitride films was 
performed in-situ, after the Ti !TiN conversion. The III-nitride depositions 
were carried out at the same condition as samples A2, B2, C2 and Ref_Si(111) 
described earlier.  
 
Figure 4-24 shows the SEM images of the surfaces of the TiN coated Si(100) 
surface after GaN film deposition. It is evident that the presence of TiN on the 
Si(100) substrate created high surface energy that prevented the adequate 
nucleation of III-nitride nuclei needed for the formation of thin film. The 
pressure at which Ti metal was converted to TiN was influenced by the 
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nucleation of GaN and its adhesion to the TiN coated substrate. Three 
different pressures viz. 150, 200 and 250 Torr (i.e TiN150, TiN200 and TiN250, 
respectively) for the conversion of Ti metal to TiN in an MOCVD chamber 
have been investigated in this work. In Figure 4-24, it is evident that the 
optimum pressure to form high quality TiN film to prevent the nucleation of 
GaN film was ~200 Torr. At pressures of 150 and 250 Torr, GaN islands at a 
few microns (i.e. 1 µm) in diameter were observed to have nucleated on the 
substrate. The grain size and density of GaN that was deposited on the TiN 
mask was bigger and higher, respectively on TiN250 than on TiN150 (see 
Figure 4-24 (a) and (c)). On the other hand, forming TiN at a pressure of 200 
torr resulted in a TiN thin film (TiN200), which prevented the formation of 
GaN islands as shown in Figure 4-24 (b). Samples TiN150, TiN200 and TiN250 
are henceforth referred as sample I, II and III, respectively. 
  
Figure 4-24. Plan view (top panel)/cross (bottom panel) sectional SEM 
images GaN grown on TiN formed at (a) 150 torr, (b) 200 torr and (c) 250 
torr. The pressure of TiN formation played a critical role in influencing the 
subsequent deposition of III-nitride films. 
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HRXRD analysis was performed to ascertain the crystal structures of samples 
I, II, and III. Figure 4-25 shows the 2θ/ω scan of the TiN and GaN epilayers 
parallel to the Si(002) reflection of the substrate.  
 
Figure 4-25 2θ/ω scan of TiN and GaN reflections parallel to the (002)Si 
reflections of the substrate. 
 
From Figure 4-25, it was observed that TiN films on samples I and III was 
polycrystalline showing both TiN(111) and TiN(200) reflections. Sample II, 
on the other hand, exhibited a single phase TiN with only TiN{111} 
reflections. The XRD results corroborate the SEM images by showing a 
GaN(002) reflection for samples I and III. The absence of any GaN reflection 
of the XRD 2θ/ω scan for sample II, is evident of the complete prevention of 
the growth of III-nitride film on the TiN coated Si(100) substrate.  
In comparison to the demonstration of GaN on TiN film, the growth of GaN 
film on PECVD deposited SiNx film was also demonstrated. The thickness of 
the SiNx layer deposited was 300 nm thick. The growth of GaN on both SiNx 
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coated and TiN coated Si(100) substrates was performed in a single run. In 
Figure 4-26, it is observed that amorphous GaN particles were deposited on 
the SiNx coated Si(100) substrate. The thickness of the GaN crystals that 
nucleated on the TiN coated substrate ranged from 1-2 µm thick while the 
thickness of GaN film on the SiNx coated substrate was about 3.5 µm thick. 
 
Figure 4-26. Plan view (top panel)/cross sectional (bottom panel) SEM 
images GaN particles deposited on PECVD deposited SiNx. 
 
Therefore it can be concluded that, the TiN film formed at a pressure of 200 
torr and temperature of 900 oC is a more effective hard mask epilayer than 




In conclusion, a detailed growth and coalescence mechanism of SAG of GaN 
on Si{111} facets exposed on Si(100) substrate has been reported. Single 
phase hexagonal GaN was deposited on all patterned Si(100) substrates shown 
by high resolution XRD. In this chapter, we have demonstrated the effects of 
etch profile and type of pattern array on the quality of Ga epilayer. A wider 
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Si{001} surface area (at the base of the etched holes) increased the 
competition for precursor atoms between the Si{111} facets and Si{001} 
surface at the bottom of the hole. The higher this competition, the more 
inferior the GaN epilayer becomes and the likelihood of crystal misorientation 
near the top edge of the exposed holes. Triangular array of holes of sample B2 
matches with the triangular lattice of the Si{111} plane for the deposition of 
high quality wurtzite GaN. On the other hand, although a single-phase 
wurtzite GaN was also deposited on sample A2, the crystal quality is lower 
compared to sample B2 due to the square array of holes. The square array of 
holes is not suitable for deposition of a higher quality and continuous GaN 
films. 
 
The in-plane phi scan of GaN(10-11) reflection of sample C2 exhibited two 
sets of six diffraction peaks related to non-coalesced GaN domains oriented 
30o from one another. On the other hand, in-plane phi scan of GaN(10-11) 
reflections of the other samples exhibited only one set of 6 diffraction peaks at 
60o intervals, signifying hexagonal GaN crystals oriented in a single direction.  
 
The presence of the SiNx hard mask was observed to cause unintentional 
doping of the GaN epilayer. A correlation is observed between the biaxial 
strain and free carrier–phonon interactions in GaN samples that were 
investigated in this chapter.  Triangular holes array, compared to a square 
holes array also resulted in a GaN epilayer with superior material quality.  
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Finally but not the least, the effect of TiN hard mask was investigated for its 
effectiveness to enhance the selective growth of III-nitride films. TiN formed 
at 900 oC and 200 Torr was found to be the ideal film to prevent the nucleation 
of III-nitride films on the TiN coated Si(100) substrate. Thus this material can 
be substituted for SiNx, which was found not to be very effective under the 
same growth conditions that were studied in this chapter. TiN is a stable 
material in hydrogen and nitrogen ambients and also prevents the inter-
diffusion of Si from the substrate into the undoped GaN epilayer.  
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CHAPTER FIVE: Crystallographically Tilted and 
Partially Strain Relaxed GaN Grown on Inclined {111} 
Facets etched on Si(100) Substrate 
 
5.1 Summary  
 
High resolution X-ray diffractometry (HR-XRD), Photoluminescence, Raman 
spectroscopy and Transmission electron microscope (TEM) measurements are 
reported for GaN deposited on a conventional Si(111) substrate and on the 
{111} facets etched on a Si(100) substrate. HR-XRD reciprocal space 
mappings showed that the GaN(0002) plane is tilted by about 0.63 ± 0.02o 
away from the exposed Si{111} growth surface for GaN deposited on the 
patterned Si(100) substrate, while no observable tilt existed between the 
GaN(0002) and Si(111) planes for GaN deposited on the conventional Si(111) 
substrate. The ratio of integrated intensities of the yellow (YL) to near band 
edge (NBE) luminescence (IYL/INBE) was determined to be about one order of 
magnitude lower in the case of GaN deposited on the patterned Si(100) 
substrate compared with GaN deposited on the conventional Si(111) substrate. 
The Raman E2(high) optical phonon mode at 565.224 ± 0.001 cm-1 with a 
narrow full width at half maximum (FWHM) of 1.526 ± 0.002 cm-1 was 
measured, for GaN deposited on the patterned Si(100) indicating high material 
quality. GaN deposition within the trench etched on the Si(100) substrate 
occurred via diffusion and mass-transport limited mechanism. This resulted in 
a differential GaN layer thickness from the top (i.e. 1.8 µm) of the trench to 
the bottom (i.e. 0.3 µm) of the trench. Mixed-type dislocations constituted 
about 80% of the total dislocations in the GaN grown on the inclined Si{111} 
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surface etched on Si(100) while edge-type dislocations constitutes 70% of the 





In the previous chapter, we have demonstrated the potential of growing GaN 
material with superior material quality compared to GaN grown on a 
conventional Si(111) substrate. It was observed that the growth of GaN 
epilayer on a Si(100) substrate with the right type of patterning leads to 
material with improved crystal and optical properties with a lower built in 
biaxial strain. The main challenge with the approach demonstrated in Chapter 
4 lies in the difficulty to obtain a coalesced and continuous film needed for 
device fabrication. In the current chapter, a different patterned template is 
employed and a detailed analysis on the improvement of material quality of 
GaN grown on the Si(100) compared to GaN grown on a conventional Si(111) 
substrate is presented. The use of rectangular trenches with exposed Si{111} 
facet sidewalls is employed instead of hole patterns.  
 
5.1.2 Template preparation and patterning fabrication 
 
The n-type nominally cut Si(100) substrate (obtained from Polishing 
Corporation of America) was first degreased in piranha solution (i.e. H2SO4 
and H2O2) at 120 
o
C to remove organic contaminants from the substrate 
surface. The sample was finally immersed in 7:1 buffered hydrofluoric acid 
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(BHF) solution to remove the native silicon dioxide thin film, before it was 
loaded into a plasma enhanced chemical vapor deposition (PECVD) chamber 
to deposit 100 nm thick silicon nitride (SiNx) hard mask layer. On the SiNx 
coated Si(100) substrate, 5 µm wide trench patterns that was oriented either 
parallel, perpendicularly or at an angle of 45o towards the <110> direction was 
fabricated by standard photolithography process (for details on the patterning 
process, see Figure 2-26). After the formation of trench pattern in the SiNx 
layer overlying the Si(100) substrate, freshly prepared 45 wt% mixture of 
aqueous potassium hydroxide (KOH) solution and 15% (v/v) isopropyl 
alcohol (IPA) was used as the etchant for the anisotropic etching of the 
patterned Si(100) at a temperature of 75 ± 1 
o
C for 10 minutes. For mask 
aligned either parallely or perpendicularly to the Si<011> direction, the {111} 
facets formed the sidewalls of the etched trench by acting as the etch stop 
boundary. However, for the mask aligned at 45o towards Si<011> direction, 
the exposed sidewall of the etched trench was the {011} facets inclined at 45o 
to the Si{001} surface. Out of the three common Si planes viz. (100), (110) 
and (111), the (100) plane is more susceptible to chemical attack and hence 
has the highest etching rate in the alkaline etchant (i.e. KOH(aq)) due to its 
lower atomic packing density and surface dimer formation.151  
 
Figure 5-1 shows the SEM images of the different as-prepared Si(100) for use 
as substrates for growth of high quality GaN epilayers. In Figure 5-1, it was 
observed that the sidewalls of mask aligned either parallely or perpendicularly 
to the Si<011> are both bounded by the Si{111} facets which is ~55o from the 
Si{001} surface. The schematic in Figure 5-1(d) illustrates different mask 
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alignments viz. parallel, perpendicular and 45o inclination towards Si<011> 
direction.  
 
Figure 5-1. SEM images of a) plan view of exposed Si{111} facet on Si(100) 
with etching product residue deposited on the surface, b) cross sectional view 
of anisotropically etched Si(100) with mask aligned perpendicular to the 
Si<011> direction, c) bird eye view of anisotropically etched Si(100) with 
mask aligned parallel to the Si<011> direction, d) schematic representation of 
the mask alignment to the Si<011> direction of the Si(100) substrate, e) bird 
eye view of anisotropically etched Si(100) with mask aligned 45o to the 
Si<011> direction and f) chemically cleaned Si{111} surface in HF and conc. 
HCl to remove etching residues. 
 
The surface of the as-etched Si{111} and Si{011} facets showed residues 
from the etching products as shown in Figure 5-1(a). The compositions of the 
residues are believed to be SiO2 and SiNx in nature. The surfaces are cleared 
of the residue via chemical cleaning in HF solution for 5 minutes and then 
subsequently cleaning in conc. HCl solution for 5 minutes. Figure 5-1(f) 
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shows the surface of the cleaned Si{111} after the chemical clean in HF and 
HCl solutions. The Si{001} substrate with the Si{011} sidewalls also 
exhibited larger area of Si{001} facet at the bottom of the trench. From the 
results obtained in Chapter 4, the co-existence of the Si{001} and Si{011} 
leads to GaN with an inferior material quality.  
 
For the rest of the chapter, focus will be on two samples; GaN grown on 
template shown in Figure 5-1(f) which shall be referred as sample A and GaN 
grown on a conventional Si(111) substrate, which shall be referred to as 
sample B. Sample B is intended to be the control sample to enable the further 
investigation of the mechanism responsible for the improvement of GaN 
quality that was exhibited in sample B2 in chapter 4. 
 
5.1.3. Surface analysis of the Si{111} facet exposed on the 
Si(100) substrate 
 
The surface morphology of the as-prepared Si template was analyzed using 
JEOL 6700F field emission scanning electron microscope (FESEM) as shown 
in Figure 5-2. Figure 5-2(a) shows the top view of SEM image of the as-
prepared Si(100) template after etching in aqueous KOH solution. Figure 5-
2(b) shows the image in Figure 5-2(a) taken at a higher magnification to 
enable the steps on the etched surface, which becomes much visible. Figure. 
5-2(c) shows the FESEM cross sectional view of the patterned Si(100) 
substrate. V-shaped trenches with Si{111} facets were formed after etching 
for 10 minutes at an etch rate of 0.5 µm /min. The formation of surface steps 
may be attributed to the localize differential etching rates of the Si substrate or 
! 126!
slight misalignment of the trenches from being perfectly perpendicular to 
Si<110> direction. These surface steps appear to be nearly perpendicular to 
the Si(100) substrate surface, suggesting that they are (011) planes and it also 
makes an angle of 35.3o to the Si{111} facets ( i.e. terrace) as shown in Figure 
5-2(d). The {011} surface steps are observed due to the fast etching rate of 
this surface compared to the etching rate of Si{111} surface in the aqueous 
KOH solution.  
 
Figure 5-2. Scanning electron microscope image of a) top view of the 
patterned Si(100) showing the exposed Si{111} facets, b) higher 
magnification image of a) showing  the surface steps that were formed on the 
Si{111} exposed surfaces, c) cross sectional view of the etched V-trenches 
with Si{111} sidewalls and d) an illustration of the exposed Si{111} surface 
showing the steps and terraces from the etching process. 
 
However, the distribution of the steps on the surface is non-uniform on the 
exposed Si(111) surfaces. Atomic steps on growth surfaces are known to 
improve epitaxial growth by reducing the surface diffusing time of adatoms152 
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via step bunching of Si surface. Although the observed steps on the exposed 
Si{111} for sample A are at a micrometer resolution, its effect on the epitaxial 
films cannot be overemphasized. 
 
5.1.4 MOCVD Growth of III-nitride films on patterned Si(100) 
and conventional Si(111) substrates 
 
In this study, two GaN samples were grown by metalorganic chemical vapor 
deposition (MOCVD) on the patterned Si(100) [i.e. sample A] and 
conventional Si(111) [i.e. sample B] substrates. Both samples were washed in 
10% HF solution to remove native oxide layer and terminate the silicon 
surface with hydrogen atoms. Trimethylgallium (TMGa), trimethylaluminum 
(TMAl) and ammonia (NH3) were used as sources for Ga, Al and N, 
respectively. Firstly, about 150 nm thick AlN nucleation layer was deposited 
at 1070 oC, which was preceded by a short (12 seconds) TMA flow. This was 
followed by 300 nm Al0.3Ga0.7N buffer layer, 20x period 5nm GaN/ 3 nm AlN 
superlattice layer and about 1.2 µm thick undoped GaN. Scanning electron 
microscope (SEM) was used to investigate the surface morphology of the as-
deposited GaN samples. A synchrotron HR-XRD setup was employed to 
characterize the crystal quality and orientation relationship of the III-nitride 
thin films. The transmission electron microscope (TEM) sample preparations 
of samples A and B were done by focused ion beam (FIB). 
 
The initiation and propagation of cracks in both samples A and B have been 
identified. In Figure 5-3(a), it is observed that a crack is formed which 
separates the GaN epilayer deposited on the opposite Si{111} facets. The 
! 128!
formation of the crack was caused by the high surface energy to be overcome 
in order to merge the two crystals. In Figure 5-3(b), the high atomic 
resolution TEM image focused near the vicinity of the crack showed that the 
directions of the GaN epilayers are about 70o apart in opposite directions, 
which agrees with GaN film crystal relationship to the growth planes. 
Although the layers might have merged at some points during the growth 
process, they are snapped by the formation of the crack due to the CTE 
mismatch between GaN and Si substrate. The plan view of sample A shown in 
Figure 5-3(c), revealed a crack free GaN(10-11) surface. Figure 5-3(d) shows 
the top surface of the GaN layer deposited on conventional bare Si(111) 
substrate. Cracks are observed to be propagating along [-12-10], [11-20] and 
[2-1-10] directions. Cracks found in sample A are controlled by the direction 
and dimension of the trench, therefore can be isolated from device structures 
that may be subsequently grown on this GaN template. On the contrary, cracks 
formed on sample B are crystallographically controlled and thus difficult to be 
engineered and this may pose problems for device fabrication.  
 
Both samples A and B were prepared for use as templates for the deposition of 
GaN based devices. Sample A has the advantage of a semi-polar oriented 
surface (i.e. GaN(10-11)) with its reduced internal polarization-related electric 
fields known as quantum-confined Stark effect (QCSE)153, when compared to 
sample B which has a polar surface (i.e. GaN(0001)). QCSE leads to the 
spatial separation of the electron and hole wave functions. The efficiency of 
radiative recombination is thus reduced, but on the other hand, the non-
radiative recombination of electrons and holes increases, resulting in injected 
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energy been squandered as heat. Optoelectronic devices built on the c-plane 
GaN also show a characteristic blue shift in the electroluminescence and 
efficiency droop with increasing drive current. Piezoelectric field along (10-
11) orientation can be reduced to 40% and the transition and the transition 
probability can almost be doubled.154 
 
Figure 5-3. (a) STEM image of the cross section of sample A, (b) High 
resolution TEM image around the area focused in a), c) Plan view SEM of 
sample A showing the surface morphology of GaN and d) SEM image of the 
surface of sample B. The area of crack initiation in the case of sample A is at 
the interface of the GaN crystals on the opposite Si{111}. On the contrary, 
cracks propagate along certain crystallographic directions on the surface of 
sample B, thus making it deleterious to device performance. 
 
Figure 5-4(a) shows the cross sectional view of scanning transmission 
electron microscope (TEM), revealing the different III-nitride epilayers 
deposited on the exposed Si(111) facets patterned. AlN nucleated on the entire 
wafer including the SiNx hard mask area. This is due to the high sticking 
coefficient and low surface mobility of AlN under MOCVD conditions.155 
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Although growth selectivity may be improved by optimizing gas flow rate and 
higher at growth temperatures, the aim of this study was not to obtain AlN 
growth selectivity on the exposed Si(111) facets. The entire III-nitride 
epilayers consisting of 150 nm AlN/300 nm Al0.3Ga0.7N buffer layer, 20x 
period 5 nm GaN/3 nm AlN superlattice and the terminating 1.2 µm thick 
undoped GaN layer are clearly seen in Figures 5-4(a) and (b). The growth 
rates on both Si(111) and Si(-1-11) facets are almost the same, giving rise to a 
nearly symmetrical kite-like cross section structure with a void running 
through centroid of the trench. Precursor adatoms diffusion and adatom 
sticking coefficient were likely to be higher near the top of the trench 
compared to the bottom of the trench. The differential growth rate from the 
base to the top within the trench is likely to be a factor contributing to the 
formation of void that ran through the center of the trench. The shape of this 
void depended on the shape of the trench. Lee et al.133 reported on the 
following observations; firstly, the formation of triangular void which was due 
to the flat base of the trench (i.e. Si(100)) and secondly the deposition of 
defective hexagonal GaN and cubic phase GaN with the growth on the trench. 
However, in the current report, by utilizing V-trench patterns without a 
Si(001) flat base, deposition of the III-nitride films started directly on the 
opposite Si{111} facets. The film on the opposite facets merged with one 
another due to the limited space near the bottom of the trench. But, as the film 
thickness on opposite facets increased to about 0.6 µm above the bottom of the 
trench, a void at the center was created. 
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Figure 5-4. STEM of (a) sample A, showing the structure of III-nitride layers 
deposited on the Si{111} exposed surfaces, b) higher magnification view of a) 
showing the micro-pyramidal structure of AlN layer, fully coalesced 
Al0.3Ga0.7N, well defined GaN/AlN supperlattice and high quality GaN 
epilayer, c) simultaneous growth on Si(111) substrate (sample B) showing a 
nearly uniform layer thickness on the Si(111) substrate  and d) higher 
magnification view of (c).  
 
The formation of the void was necessitated by the high surface energy 
required to form the grain boundary between the films on the opposite Si{111} 
facets. It was again evident that the void started to form during the growth of 
GaN epilayer. This is a result of the enhanced growth rate of GaN film at the 
upper region, which is caused by the surface migration of adatoms from the 
masked SiNx region to the unmasked trench area. Figure 5-4(b) shows a 
magnified view of Figure 5-4(a). The presence of the void assisted in partial 
relaxation of strain in the GaN film. The AlN layer nucleated in the form of 
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micro-pyramids, which helps to wet the Si surface and enhance 2D growth 
mode of the Al0.3Ga0.7N buffer layer and other subsequent layers. The abrupt 
interface between the GaN and AlN superlattices (SL) indicated the high 
crystal quality of both the SLs itself and the Al0.3Ga0.7N layer underneath the 
SLs. 
 
5.2 Evidence of the crystallographic tilt by reciprocal space 
mapping (RSM) and HRXRD study of as-grown GaN film 
 
The crystal quality of GaN epilayer was characterized by HR-XRD. The X-ray 
is obtained from a synchrotron beam line. Many authors have earlier on 
reported that, the GaN(0001) is parallel with Si(111) surface exposed on the 
Si(100) substrate.59,156,157,158,159 While it is difficult to distinguish whether an 
angular separation between the substrate and film Bragg peaks are due to 
either crystal tilt or strain in the film with a single 2θ-ω line scan. In this study, 
we employed the RSM technique to investigate the presence of 
crystallographic tilt between the epitaxial layers and the substrate for both 
samples A and B. RSM is a useful tool in studying the interplanar spacing and 
defect-related broadening in materials.160 The RSM in this work was obtained 
by taking a series of 2θ-ω scans at successive ω. In the case of sample A, 
although the slit for probing the samples was 1 mm wide, and large enough to 
cover several hundred trenches, only diffracted signal from one side of the 
facet is collected for any single measurement. Diffraction measurement for the 
opposite side of the trench could be made after an 180o phi rotation. Figure 5-
5 shows the RSMs of the symmetric [GaN(0002)] and skew symmetric 
[GaN(10-11)] reflections of samples A and B near Si(111) plane. It is 
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observed in Figure 5-5(a) that the AlN 0002 reflection was tilted by 0.4 ± 
0.01 o from the Si 111 peak reflection. The tilt between the Si{111} and the 
III-nitride epilayers increased from AlN layer to Al0.3Ga0.7N layer. GaN layer 
was grown coherently with the Al0.3Ga0.7N buffer layer. The origin of this tilt 
between AlN(0002) and GaN(0002) with respect to the Si (111) reflection is 
attributed to, (i) the presence of surface steps on the etched Si{111} surface 
(see Figures 5-2(b) & (c)) and (ii) interfacial misfit dislocation (IMD)161 
generated at the AlN/Si interface, which resulted in the partial strain relaxation 
of sample A. On the other hand, for sample B, we observed no tilt between the 
GaN epilayer and Si, resulting in the nominal crystallographic relationship of 
AlN(0002)// Si(111) and GaN(0002)// Si(111)127 as shown in Figure 5-
5(b).The observation of tilt (α) for sample A of ~0.63 ± 0.02o of the GaN 0002 
reflection away from Si (111) reflection showed that the two planes are not in 
parallel. This is contradictory to the previously published reports which 
indicate that GaN(0002)//Si(111). Although samples A and B are grown 
simultaneously, their layer thicknesses are different. In Figures 5-4 (a) and 
(d), that the thickness of the GaN layer varied for sample A (0.3 - 1.8 µm from 
bottom of the trench to the top of the top of the trench) but remained almost a 
constant for sample B (1 µm). 
 
Since the FWHM varies with film thickness,162 a comparison of the quality of 
our samples based entirely on the FWHM of the ω scans of the symmetric. 
Asymmetric reflections may not be truly representative of the actual sample 
quality. We performed the ω scans of both samples A and B [not shown], to 
give a sense of the peak broadening in both samples. The FWHM of the ω 
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scan of the GaN 0002 reflections were measured to be 23 arcmin and 12 
arcmin for samples A and B, respectively. 
 
Figure 5-5. Reciprocal space map (RSM) of the symmetric GaN(00.2) 
reflection of a) sample A, b) sample B along Si(111) plane. RSM of skew 
symmetric reflection GaN(10.1) of c) sample A and d) sample B. Tilt of 
~0.63o ± 0.02 is seen between GaN(0002) and Si{111} which is attributed 
mainly to the surface steps on the exposed Si{111} surfaces. The 
crystallographic relationship of the film and substrate is GaN(0002)//Si(111) 
with no observable tilt. The in-plane RSM shows that the AlGaN, and 
GaN/AlN superlattice structures (SLs) are fully strained to the GaN epilayer 
for sample B and fully relaxed to GaN epilayer for sample A. 
 
The line shape of the both samples was Gaussian. This indicated that the 
broadening of the peaks is predominantly due to mosaic spread in the GaN 
films perpendicular the <0002> direction.163 FWHM of the ω scan of GaN(10-
11) of both samples A and B are measured to be 28 arcmin and 11 arcmin, 
respectively. The main cause of the broadening of the ω scans of sample A is 
the variations in the tilt of GaN(0001) plane with respect to Si(111) within 
individual trenches. Although sample A is GaN(10-11) oriented surface, its 
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out-of-plane symmetric reflection scan was measured using GaN(0002) for 
two reasons. Firstly, the growth direction was in the <0001> direction along 
the inclined <111>Si growth direction. Secondly, the GaN(10-11) surface was 
not in parallel to Si(100) substrate surface.  
 
The broadening of the out-of-plane (0002) reflection is affected by mixed and 
pure screw dislocations, whereas the broadening of (10-11) reflection is 
sensitive to all the three types of dislocations (pure screw, pure edge and 
mixed).164 The FWHMs of GaN(10-11) of both samples A and B indicate a 
lower density of edge dislocations in the grown GaN films. The reduction in 
the density of edge dislocation in the GaN films is attributed to the growth of 
GaN and AlN superlattice (see Fig. 3(b)), threading dislocations with b = 
1/3<11-20> are guided to the edge of the film by the GaN/AlN superlattice.165  
 
Figures 5-6 and 5-7 are the XRD 2θ/ω scans of the two samples in both 
symmetric and skew symmetric reflections. The out-of-plane lattice constants 
c were measured to be 5.196 ± 0.003 Å and 5.20 ± 0.002 Å for samples A and 
B, respectively. Furthermore, the in-plane lattice constants a were measured to 
be 3.197 ± 0.002 Å and 3.203 ± 0.004 Å for samples A and B, respectively. 
The lattice distortion c/a ratio was found to be 1.625 ± 0.001 and 1.623 ± 
0.003 for samples A and B, respectively. The c/a value for both samples agree 
well with the c/a value of ≤1.633 reported in Ref.160. However, the absolute 
values of the lattice constants show that sample B is more biaxially strained 
compared to sample A and this was in the RSM of the GaN(10-11) in-plane 
reflection. From the XRD results (in Figure 5-6), it is observed that the Al 
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contents of sample A and B were 30 and 40%, respectively. This indicates that 
the aluminum incorporation is sensitive to the spatial positioning of the growth 
surface and it is less effective in an inclined incorporation plane (i.e. sample 
A) compared to a uniformly flatter plane (i.e. sample B). The GaN/AlN SLs 
satellite peaks are observed due to the Fabry-Perot interferences of the X-ray 
with the thin periodic GaN and AlN superlattice structures. 
 
Figure 5-6. 2θ/ω of symmetric out-of-plane GaN(0004) reflection of samples 




Figure 5- 7. 2θ/ω of skew-symmetric out-of-plane GaN(10.1) reflection of 
samples A and B. 
 
5.3 Optical property evaluation by µ-PL and µ-Raman 
spectroscopy 
 
The photoluminescence (PL) of the samples were investigated with a He-Cd 
laser with excitation wavelength of 325 nm. The spot size for the micro-PL 
study was about 7 ± 1 µm. Since the window and ridge dimensions of the 
patterned Si(100), are 5 µm, over 90% of the laser spot could be focused on 
the window where GaN is grown on the exposed {111} facets for sample A 
while a crack free region was selected in the case of sample B. Figures 5-8 
and 5-9 show the room temperature (RT) µ-photoluminescence and µ-Raman 
spectra for samples A and B. In Figure 5-8, the dominant near band edge 
emissions (NBE) are seen at 3.424 ± 0.001 eV and 3.397 ± 0.001 eV for 
samples A and B respectively. According to the results reported by Monemar 
et al.166, the RT NBE was red-shifted by 14.0 ± 0.5 meV and 38.0 ± 0.1 meV 
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for sample A and B, respectively. These shifts reflect the biaxial tensile strain 
of about 0.52 GPa and 1.41 GPa for samples A and B, respectively.167 Sample 
A is thus under lower tensile strain of about 3 times compared to the tensile 
strain of sample B. The value of the NBE for sample B is in good agreement 
with the observation of Maruska and Tietjen.168 This value is however lower 
than the expected 3.437 ± 0.005 eV (according to Ref. 162) due to the band 
tailing effect associated with heavily doped n-type materials.169 Currently, the 
origin of the emission at 3.355 ± 0.002 eV of sample B is unknown, thus we 
assigned it to an exciton bound due to an unknown defect. Longitudinal 
optical (LO) replicas of the first, second and third order of the free exciton 
emission (FXB) at 3.304 ± 0.002 eV, 3.197 ± 0.004 eV, 3.094 ± 0.006 eV were 
observed for sample B.170 Defect related emission at 3.365 ± 0.003 eV of 
sample A involved transition with the basal stacking faults (BSF) generated at 
the edge of the trench where GaN deposited on the exposed {111} facets 
merged with polycrystalline GaN that are grown on the masked area.  
 
The strong and broad emission at 2.15-2.30 eV and 2.48 ± 0.05 eV in sample 
B represented the infamous yellow luminescence (YL) and green 
luminescence (GL), respectively. However, it is observed that the YL and GL 
were nearly absent in sample A. Although the origins of the YL and GL are 
still debated among researchers, it is widely believed that point defects such as 
VGaON complexes 171,172,173,174,175 and extended defects, such as edge 




Figure 5-8. Room temperature (a) micro-photoluminescence (PL) spectra of 
samples A and B; the integrated intensity of the near band edge emission of 
sample A is about 3 times higher than the integrated intensity of sample B. 
The basal stacking fault (BSF) emission originated from the point where GaN 
deposited on the mask region merged with GaN deposited on the exposed 
Si{111} within the trench. Sample A also shows a low defect related emission, 
while sample B shows yellow luminescence with intensity 4 times the 
intensity of its NBE. 
 
The nearly no yellow and green luminescence at room temperature in sample 
A corroborates its superior optical quality compared to sample B, which 
exhibited high intensity YL. The ratio of the integrated intensity of YL to NBE 
(IYL/INBE) at RT is a good indication of sample quality, the lower the ratio, the 
better for optoelectronic devices.177 We measured the value of IYL/INBE to be 
0.05 and 4.09 for sample A and B, respectively. The investigating surface of 
sample A for the PL measurement is the GaN(10-11) plane and that of sample 
B is GaN(00.1). From the PL results, there is a stronger free carrier-phonon 
interaction on the polar GaN(0001) plane than the semi-polar GaN(10-11) 
plane.   
! 140!
The quantum efficiency (QE) of the NBE emission of the samples was 
determined to characterize the optical quality of this transition for each of the 
samples. Figure 5-9 is a plot of the QE for samples A and B. It is observed 
that the QE of sample A is about 4 times higher than the QE of sample B. In 
other words, at room temperature the intensity of the NBE transition would 
have reduced by more than 95% (80%) compared to the intensity of the NBE 
transition at 15 K for sample B(sample A). The lower QE of sample B also 
suggests the higher density of non-radiative recombination centers than 
sample A. 
 
Figure 5-9. Plot of quantum efficiency (QE) of the near band edge emission 
for samples A and B. Sample A has a QE of 4 times higher than sample B 
indicating about 4 times lower density of state of non-radiative recombination 
centers. 
 
We have used a 532 nm laser with a spot size of 3 ± 0.3 µm to probe for the 
Raman spectra for both samples. Thus we are able to focus the laser 
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selectively on GaN grown on the exposed {111} facet for sample A as well as 
a crack free GaN area for sample B. In Figure 5-9, E1(TO), E2(high), A1(LO) 
and quasi-E1(LO) phonon modes were observed at 556.561 ± 0.001 cm-1, 
565.224 ± 0.001 cm-1,  731.273 ± 0.002 cm-1, and 737.212 ± 0.004 cm-1, 
respectively for sample A. For sample B, the E2(high) and A1(LO) phonons 
peaks appeared at 564.807 ± 0.005 cm-1 and 732.221 ± 0.004 cm-1, 
respectively. The quasi-E1(LO) phonon mode was not observed in sample B 
due to the scattering geometry which has been explained earlier [see Figure 4-
23]. The FWHM of the E2(high) of GaN is 1.526 cm-1 and 5.716 cm-1 for 
sample A and B respectively. To our best of knowledge, the FWHM of 1.526 
cm-1 for E2(high) phonon is comparable to the best heteroepitaxial GaN grown 
on sapphire ever reported.178,179  
 
Figure 5- 10. Micro-Raman spectroscopy spectra of sample A and B. Sample 
A is seen to be under lower tensile strain compared with sample B from the 
position and FWHM of their Raman E2(high) phonon frequencies. 
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According to Ref. 180, the E2(high) phonon frequency for a strain free bulk 
wurtzite GaN grown on Si is 567.6 cm-1, this indicated that sample A is under 
a lower tensile strain compared with sample B. The shift of the A1(LO) 
phonon mode to the lower frequency in sample B was evidence of free carrier 
and phonon coupling and interaction phenomena. 
 
In order to test the potential of grown GaN templates of samples A and B, an 
InGaN single well (SW) was grown at a temperature of 720 oC and pressure of 
150 torr by MOCVD on the two samples. Figure 5-11 is the PL spectra of 
InGaN single quantum well (QW) deposited on samples A and B taken at 
room temperature. The In contents in sample A and B were 5.5 and 8%, 
respectively according to the Vegard’s law181: !!!"#$% = !!!"#(!)+ !!!"#(1− !)+ !"(1− !)                               (1) 
 
The difference in the In incorporation was affected by the surface roughness of 
the two samples. Although, In atoms preferentially migrate to non-polar 




Figure 5-11. Room temperature PL spectra of a single well InGaN layer 
grown on GaN template of samples A and B. The In content in sample A and 
B is 5.5 and 8%, respectively. The increased In content in sample B is related 
to the lower surface roughness of GaN(00.1) compared to GaN(10.1) plane. 
 
5.4 Dislocation bending away from the GaN(10-11) plane 
Transmission electron microscopy (TEM) analysis was performed for samples 
A and B to evaluate the dominant type of dislocation in the sample and also 
the propagation direction of dislocations. Figures 5-12(a) and (b) represent 
the cross sectional TEM images of samples A and B, respectively. The left and 
right panels of Figures 5-12(a) and (b) are weak beam dark field (WBDF) and 
bright field (BF) imaging conditions, respectively. In addition, the top and 
bottom panels of Figure 5-12(a) and (b) were imaged along g = [0002] and g 
= [2-1-10] imaging conditions, respectively. It has been observed that about 
80% of the dislocations in the GaN epilayer of samples A are of the mixed-
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type (c+a), which is a combination of the pure screw (c) and pure edge (a) 
dislocations as seen in Figure 5-12(a). However, the edge-type (a) dislocation 
contributed about 70% of the total threading dislocation for sample B (see 
Figure 5-12(b)). Edge dislocation is typically the most dominant dislocation 
type for GaN grown on foreign substrates.182 Our results agree well with 
Huang et. al who evaluated the mixed-type dislocation to be about 77% for 
GaN grown on (0001) sapphire by MOCVD.183 The relatively higher 
component of the mixed dislocation in sample B is attributed to the presence 
of crystallographic tilt in the GaN(0002) on an inclined Si{111} surface as 
opposed to GaN(0002) that is coherent with the Si{111} surface, resulting in 
difference in dislocation formation mechanism.  
 
 
Figure 5- 12. TEM cross sectional view of (a) sample A and (b) along the g = 
[0002] (top panels) and g =[2-1-10] (bottom panels) imaging conditions. The 
images are taken in bright field (BF) mode and weak beam dark field (WBDF) 
mode shown by the left and top panels, respectively both a) sample A and b) 
sample B. 80% of the observed dislocation lines are of the mixed dislocation 
type for sample A and 70% edge-type dislocation as they can be observed in 
both screw dislocation (g = [0002]) and edge dislocation (g = [2-1-10]) 
imaging contrast modes. 
 
! 145!
Furthermore, in Figure 5-13(a) and (c), it is observed that in sample A, the 
dislocation lines that threaded from the buffer layers through to the GaN layer 
propagated along the inclined c-axis and did not bend towards the GaN(10-11) 




Figure 5- 13. Cross sectional TEM images of a) samples A and b) sample B 
illustrating the threading direction of extended defects. The selective area 
electron diffraction (SAED) of the GaN layer in sample A and B indicates 
single crystalline materials. c) and d) is the schematic representation of the 
threading of dislocation in GaN epilayer of sample A and B respectively. e) 




This is corroborated by the atomic force microscopy  (AFM) images in Figure 
5-13(e). Due to the direction of the dislocation lines (see Figure 5-13(c)), the 
GaN(10-11) surface of sample A is seen without the typical dislocation pits 
(see Figure 5-13 (e)). Conversely the surface of GaN(0001) of sample B (see 
Figure 5-13(f)) is observed with dislocation pits at a density of about 1.2 x 109 
cm-2, emphasizing the fact that the threading dislocation propagates along the 




Single crystal GaN of the wurtzite phase has been deposited on the inclined 
{111} facets etched on a Si(100) and a conventional Si(111) oriented 
substrate. For the deposition of GaN on the patterned Si(100) substrate, 
crystallographic tilt of the GaN(0002) of 0.63 ± 0.02o away from the Si(111) 
growth plane has been reported. On the contrary, for GaN deposited on a 
conventional Si(111) substrate, no observable crystallographic tilt was 
measured, thus resulting in a crystallographic relationship of 
GaN(0002)//Si(111) between the GaN layer and Si substrate. The growth 
mechanism of GaN on the two substrates are found to be different - while 
growth is nearly constant across the entire Si(111) substrate, the growth rate 
on the exposed {111} facets on Si(100) substrate varied along the height of the 
trench. Although the FWHM of the ω-scan of both symmetric GaN(0004) and 
asymmetric GaN(10-11) reflections of sample A are about twice higher than 
that of sample B, it was observed that the optical properties and strain state of 
sample A reflected a material with higher quality. From the PL results, it was 
observed that the semipolar GaN(10-11) plane shows weaker free carrier-
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phonon coupling but the polar GaN(0001) is more susceptible to stronger free 
carrier-phonon interactions. The QE of GaN grown on the patterned Si(100) 
substrate is about 4 times higher than the GaN grown on a conventional 
Si(111) substrate due to the lower DOS of non-radiative recombination 
channels in sample A compared to sample B. 
 
The use of slanted {111} facets with its surface steps etched on Si(100) as 
growth surface was much effective for strain relaxation of GaN film. This 
advantage of the patterned Si(100) over a conventional Si(111) substrate 
yielded GaN epilayer with a lower tensile strain of 0.52 GPa compared with 
1.41 GPa for GaN simultaneously deposited on conventional Si(111). The 
FWHM of the E2(high) Raman mode at 565.224 ± 0.001 cm-1 of ~1.526 ± 
0.002cm-1 for sample A is comparable to the best GaN samples grown on 
sapphire ever reported. The mixed dislocation component makes up to 80% of 
the total dislocation within the GaN sample grown on the inclined Si{111} of 
a Si(100) substrate. On the contrary, the edge-type dislocation contributes 70% 
of the total threading dislocation of GaN epilayer grown on the conventional 
Si(111). The high percentage of mixed-type dislocation of sample A may be 
attributed to the nature of the inclined growth surface and the presence of 
crystallographic tilt observed in the GaN(0002) with respect to the Si{111} 
growth plane. For GaN deposited on the exposed (111) facets on the Si(100), 
dislocations originating from the AlN/Si interface did not thread to the 
GaN(10-11) surface. Hence the GaN(10-11) surface obtained by the growth 
method in this chapter may be useful as templates for subsequently device 
quality fabrication.  
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CHAPTER SIX: Surface step assisted threading 
dislocation density reduction in GaN epilayer grown on 




In this chapter, we report the reduction of threading dislocation density (TDD) 
of GaN epilayer grown on the {111} exposed surface of a V-groove formed on 
Si(100) substrates by metalorganic chemical vapor deposition (MOCVD). The 
V-grooves were either aligned parallel or misoriented at an angle α (α = 2, 4 or 
6) towards the <-110> crystallographic direction. The lithographically defined 
grooves are defined as either discontinuous or continuous based on whether 
there are spaces separating the grooves or not. Raman scattering results 
revealed that, GaN grown on the discontinuous V-grooved samples was 
unintentionally doped with free carriers from the SiNx mask, as deduced from 
in the disappearance of the A1(LO) phonons mode. Transmission electron 
microscopy (TEM) results corroborated the TDD reduction of GaN grown on 
the 6o misoriented groove template via dislocation bending towards the edge 
facets of the 3D AlN buffer islands that nucleated on the vicinal Si{111} 
interface. Vicinal surface with step height (~ 19 nm) and terrace length (~ 450 
nm) of certain geometric parameters are found to be effective in reducing the 
total TDD in GaN epilayer grown on the V-groove Si(100) substrate. The 
second part of this chapter deals with the growth of GaN on only one side of 
the exposed Si{111} facets. Until now, the growth took place on both 
opposing Si{111} facets. The objective for this growth design is to reduce the 
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extended dislocation density, which seems to build up at the coalescence 




Following the demonstration of low resistivity p-type GaN by Nakamura et al. 
via thermal annealing of Mg-doped GaN under N2 ambient, 184 there has been 
a tremendous increase in the research and development (R&D) of GaN based 
material system for power electronic185 and optoelectronic5 devices. 
Commercially available GaN devices are traditionally fabricated by the 
deposition of III-nitride heterostructures on foreign substrates like sapphire 
and SiC due to the lack of large GaN substrates. 186 In recent years, the interest 
in Si as an alternative substrate for the deposition of III-nitride 
heterostructures has been on the rise. Si(111) is the most common silicon 
orientation used for the growth of GaN heterostructures due to its three-fold 
lattice symmetry. Si(100), on the other hand, exhibits four-fold lattice 
symmetry, which results in two preferred rotational alignment for GaN 
crystals. 187 
 
In spite of the advancement made in the integration of GaN on Si(111) 
substrate, 188,189,190 there are yet some growth issues that need to be tackled. 
The first is the high threading dislocation density (TDD) of ~1010 cm-2 in III-
nitride heterostructures that affects device performance 191,192,193,194 and the 
second borders on the fact that Si(100) plane is the standard substrate for 
mainstream silicon technology and therefore should be the preferred 
orientation for integration with GaN-based devices. 195 Threading dislocations 
! 150!
primarily arise due to the large lattice mismatch between the GaN epilayer and 
the foreign substrate [sapphire or Si]. Reducing the TDD in III-nitride 
heterostructures has been attempted with a myriad of schemes, including 
composition graded AlxGa1-xN buffer layer, 196,197 GaN/AlN superlattice (SL) 
structure, 198,199 LT-AlN interlayers 200 and optimized growth conditions. The 
sudden decrease and increase of the filament temperature when growing LT 
AlN interlayer can cause the degradation of the filament, thus increasing the 
operating cost of the entire MOCVD process. The majority of the approaches 
to reduce TDD in the literature involves multiple growth steps and complex 
intermediate structures that make the process expensive and time consuming. 
Although these transition layers have been somewhat effective in strain 
management of the III-nitride heterostructures, the TDD in these films still 
remains high (~108–1010 cm-2). 201 Epitaxial lateral overgrowth (ELO) has 
proven to be a promising technique in reducing the threading dislocation in 
III-nitride heterostructures. This process primarily involves mask/window 
patterning by photolithography, selective seeding of III-nitride crystals in the 
exposed window and the subsequent coalescing of overgrown epilayer on the 
mask. In view of the second issue, regarding the use of Si(100) wafers instead 
of Si(111) wafers to enable the monolithic integration of GaN with Si 
complementary metal-oxide semiconductor (CMOS). Honda et al. reported for 
the first time, a technique for growing GaN(1-101) on the {111} facets which 
were exposed on Si(100) orientated substrate by anisotropic etching 202. 
Subsequent to the Honda publication, many groups reported on different 
aspects and variations of this method. 203,204,205,206 One of such variations of 
the Honda approach was the growth of GaN on Si(100) orientation substrate 
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with a 4o 94 and 7o 204 miscuts towards the Si[110] direction. The advantage of 
employing a miscut substrate is the formation of biatomic steps on the Si(100) 
substrate, thereby allowing only one preferred GaN crystal orientation to be 
selected. These biatomic layers promote step flow growth mode that improves 
the surface quality of the film. 207 Although smoother GaN epilayer was 
achieved with the use of miscut substrate, it is worth noting that miscut 
substrates are not standard in mainstream silicon technology. The common 
problem associated with the Honda’s approach and the ELO method is the use 
of SiNx or SiO2 mask for selective area growth (SAG). But the presence of 
SiNx or SiO2 mask usually is responsible for two problems. The first problem 
is the unintentional doping of GaN epilayer at high growth temperatures. 208,209 
If the dopant concentration of the unintentionally doped GaN is high (1017 cm-
3), obtaining p-type GaN becomes practically impossible. The second problem 
is the, densification of the SiNx or SiO2 mask at high growth temperatures 
leads to crystallographic tilting of the GaN epilayer overgrown on the 
SiNx/SiO2 masked ridges.  
 
6.1.1 Template fabrication and materials’ growth 
 
Si(100) on-axis cut substrate was immersed for a period of five minutes in 
both methanol and IPA solvents to remove organic contaminants on the 
surface of the substrate. The substrate was then cleaned in a 3:1 H2SO4:H2O2 
(v/v) solution for 15 minutes at 140 oC, before it was finally washed in a 7:1 
buffer oxide etch (BOE) solution bath for forty seconds to remove the native 
oxide from the surface of the Si wafer. The cleaned wafer was then loaded into 
plasma enhanced chemical vapor deposition (PECVD) system to deposit a 300 
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nm thick SiNx film. Gratings with 3.5 µm/3.5 µm window/mask were created 
on AZ 5214E photoresist spin coated onto the SiNx/Si substrate by UV 
photolithography. The photomask used in the UV photolithography process 
had four different quadrants. The gratings within each quadrant were at 
different angles to the photomask’s horizontal axis. The gratings formed on 
the Si substrate were aligned 0o, 2o, 4o and 6o to the [110] crystallographic 
direction. Prior to forming the gratings on the Si(100) substrate, a pre-
alignment step was developed to establish the true [110] crystallographic 
direction of the Si(100) substrate other than relying on the primary cut which 
is sawed in the [110] direction as an industry standard practice. The 
photomask used for the UV photolithographic patterning of the Si(100) 
substrates is shown in Figure 6-1. The photomask is designed with four 
quadrants–quadrant 1 [denoted as sample A] with its grating patterns aligned 
parallel to the Si[-110] crystallographic direction while quadrants 2, 3 and 4 
also referred to as samples A, B and D, rotated anticlockwise by 2o, 4o and 6o, 
respectively, relative to quadrant 1. 
 
Due to the sensitivity of the etching process to the crystallographic planes, a 
pre-alignment step was initially employed to identify the true [110] direction 
of the Si substrate as shown in Figure 6-2. It is important to identify the true 
crystallographic direction to enable the right correlation between the mask 
misalignment and the quality of the as-grown GaN epilayer on the etched 
surfaces to be substantiated. 
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Figure 6-1. Schematic illustration of the photomask that was used in 
patterning the Si(100) substrate. Sample A (Quadrant 1) is aligned nearly 
parallel to the Si[-110] direction while samples B (Quadrant 2), sample C 
(Quadrant 3) and sample D (Quadrant 4) are misaligned by 2o, 4o and 6o, 




Figure 6-2. Plan view SEM image of Si(100) substrate with mask aligned to 
different angles to the substrate primary cut to identify the true 
crystallographic <110> direction. The true substrate Si<100> is at 0° and it 
was observed that there are no undercuts around the trench edges indicating 
nearly perfect alignment to the Si<110> direction. 
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The grating patterns were transferred into the SiNx mask by an Oxford 
Reactive Ion Etching (RIE) system using CHF3 and O2 as reactive etching 
gases and the baked photoresist as the etching mask. The photoresist layer was 
completely removed with acetone. The patterned SiNx/Si substrate was etched 
in 30 wt. % KOH based aqueous solution at a 15 vol.% of IPA for 8 minutes at 
a solution temperature of 70 oC. AlN and GaN epilayers were deposited on the 
patterned Si(100) template by metalorganic chemical vapor deposition 
(MOCVD). Trimethylgallium, trimethylaluminum and ammonia were used as 
the precursors for Ga, Al and N atoms, respectively. The growth process 
commenced with a pre-heating step at 1100 oC for 5 minutes, followed by Al 
pre-flow before introducing ammonia into the growth chamber to deposit 
about 50 nm thick of AlN buffer layer at 1050 oC. The temperature was 
subsequently reduced to 1020 oC to grow 500 nm thick undoped GaN epilayer. 
The pressure of the growth chamber was kept constant at 100 Torr throughout 
the entire deposition process.  Furthermore, the molar ratio of N to Ga (nN/nGa) 
during the AlN and GaN growth were 1000 and 2000, respectively. 
 
In this present work, the reduction of TDD of GaN epilayer deposited on the 
inclined {111} facets exposed on Si(100) substrates were investigated. Two 
sets of GaN samples were used in the study; the first set consists of three GaN 
samples A, B and C that were deposited on discontinuous V-grooved Si(100) 
templates while the other, sample D is GaN deposited on continuous V-
grooved Si(100) template. Si{111} vicinal surfaces were obtained by 
misaligning the mask to Si[110] direction rather than using miscut substrates. 
The GaN crystal quality and TDD were observed to be dependent on the 
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surface morphology of the exposed Si{111} facets. The as-grown GaN was 
characterized by scanning electron microscope (SEM), high resolution X-ray 
diffraction (HRXRD), Raman scattering, steady-state photoluminescence 
(SSPL) and transmission electron microscope (TEM). A model to explaining 
the bending and annihilation of dislocations across a stepped interface is 
presented. 
 
6.1.2 Surface morphology of etched Si(100) surface 
 
The surface morphology of the etched Si surfaces was investigated with SEM 
(Figure 6-3). Striations at different densities were observed on the surfaces of 
the exposed {111} facets of samples B (2o), C (4o) and D (6o) but no such 
striations were observed on the surface of sample A. These striations on the 
surfaces are caused by the misalignment of the gratings to the crystallographic 
Si[-110] direction and the use of KOH etchant which, has a high selectivity to 
the family of equivalent {111} planes. It was observed in Figure 6-3 that 
sample C with the mask misalignment of 4o towards Si[-110] had the highest 
striation density. The debris on the etched Si{111} surfaces are etching debris 
that were removed in an ultrasonic cleaner. As the lateral etch rate increased 
with misalignments in sample D, the etching undercuts the SiNx mask, 
resulting in V-grooves that are continuous. As a result, the SiNx was removed 
(Figure 6-3(d)).  
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Figure 6-3. Scanning electron microscope (SEM) images of the etched 
Si(100) substrate showing V-grooved structures with Si(111) planes before 
MOCVD growth of III-nitride heterostructures for (a) sample A, (b) sample B, 
(c) sample C, (d) sample D. 
 
Figures 6-4(a) - (d) show the SEM images of the surface morphology of the 
as-deposited GaN of samples A, B, C and D. At 500 nm thick, GaN film 
grown on the exposed Si{111} had coalesced with similar surface morphology 
for all four samples. Non-coalesced GaN islands were observed on the mask-
covered ridges of samples A, B and C but not on sample D [no mask]. The 
inserts of Figures 6-4(a) - (d) represent the cross-sectional SEM images for 
the different samples. The thickness of the as-grown GaN epilayer is about 
500 nm for all samples. The thickness of the film was measured 
perpendicularly to the Si{111} growth plane [along the GaN<0001>)]. The 
cross-sectional images (inserts of Figure 6-4) show that the degree of 
undercut increased with misalignment angle during the KOH etching. The 
absence of undercut for sample A provides clear evidence that the gratings 
were aligned well with Si[-110] direction. The lateral etch-rates and the final 
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dimensions of the gratings after the anisotropic etching in KOH are recorded 
in Table 6-1. 
Table 6-1. Lateral etch rate and dimension of the grating window and ridge 
after 8 min KOH etching. 
Sample Lateral etch rate (nm/s) Window/Ridge dimension (µm) 
A 5 3.58/3.42=1.04 
B (2o) 60 4.46/2.54=1.75 
C (4o) 100 5.1/1.9=2.68 




Figure 6-4. Bird eye view SEM images of (a) sample A, (b) sample B, (c) 
sample C and (d) sample D. after MOCVD growth of GaN epilayer. The 




6.1.3 HRXRD study of the crystal quality and extended defect 
density of GaN epilayer  
 
The crystal quality of all samples was investigated by HRXRD with a 
synchrotron generated X-ray beam of wavelength λ, 1.539 Å in a four-circle 
diffractometry configuration. Figures 6-5 (a) and (b) show the 2θ/ω scans of 
GaN(0002) and GaN(10-11) reflections, respectively for all samples. The slit 
used for the XRD experiments was 3 mm × 1 mm. Both the out-of-plane and 
in-plane reflections were analyzed in an offset geometry configuration by 
tilting the sample (see insert of Figure 6-5(a)).  
 
The 2θ peak positions of GaN(0002) and GaN(10-11) were used in calculating 
the out-of-plane lattice parameter (c) and in-plane lattice parameter (a), 
respectively ( see Table 6-2). The GaN(00.2) reflection was scanned in a 
symmetric geometry with reference to the exposed {111}Si growth surface. 
This was achieved by setting the psi (χ) to 54.73o as shown by the illustration 
in Figure 6-5(e). The GaN(10-11) reflection on the other hand was scanned in 
a skewed symmetric geometry with the GaN(0002) geometry as a reference. 
 
The ratio of the out-of-plane lattice constant (c) and the in-plane lattice 
constant (a) reflects the structural stability of the wurtzite GaN crystal. 
However, the ideal c/a ratio determined theoretically for a wurtzite structure is 
1.633. 210 Deviation from the ideal c/a ratio reflects reduction in the atomic 
symmetry of the crystal, which may be caused by strain and defects in the 
material. A decrease in the c/a ratio from ideality reflects a decrease in lattice 
stability and an increase in stacking fault energies. 211 By exhibiting the least 
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c/a ratio (1.607), sample A is more susceptible to point defects and extended 
defects than the other samples while sample D is the least susceptible to these 
defects with a c/a ratio of 1.626, which is in good agreement with the c/a ratio 
of fully relaxed bulk GaN. 212,213  
The orientation spread of a crystal measured by the FWHM of the ω-scans of 
both the out-of-plane and in-plane reflections is usually considered to indicate 
the crystalline quality of the material. It is well known that the linewidth of the 
symmetric GaN(0002) ω-scan is broadened by screw- or mixed-type TD while 
the asymmetric GaN(10-11) ω-scan is broadened by edge-type TD and mixed 
dislocations. 214 The overall ω-scan peak width, !! ℎ!"  measured by the 
HRXRD diffractometer, is broadened and combined effect according to the 
expression;215 [!! ℎ!" ]! = ! [!! ℎ!" ]! + ! [!! ℎ!" ]! + ! [!! ℎ!" ]! + ! [!!"#$%&'("%)# ℎ!" ]! +![!!"#$%&'("$ ℎ!" ]!!,                                                                                      (1) 
 
where !! ℎ!"  is the natural ω-scan width for a perfect crystal of the 
specimen material as determined by extinction, !! ℎ!"  represents the 
broadening of the ω-scan by finite crystal size, !! ℎ!"  represents the 
broadening of the ω-scan introduced by specimen curvature, !!"#$%&'("%)# ℎ!"  represents the broadening of the ω-scan caused by 
dislocation and !!"#$%&'"("$ ℎ!"  is broadening of the ω-scan caused by the 
instrumental effects. Due to the high threading dislocation in III-nitride 
semiconductors, peak width broadening associated with the above-mentioned 
broadening factors except dislocations are considered to be negligible. We 
have adopted such an assumption in quantitatively determining the magnitude 
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of the screw and edge type dislocations of samples A, B, C and D. The ω-scan 
of GaN(0002) and GaN(10-11) planes are shown in Figures 6-5 (c) and (d), 
respectively. Sample A had the broadest linewidth (1877 arcsec) for the 
GaN(0002) reflection, while sample D had the narrowest linewidth (1228 
arcsec) for the same reflection. The linewidths of GaN(0002) ω-scans of 
samples B and C were 1594 and 1840 arcsec, respectively. Furthermore, the 
linewidth of the GaN(0002) reflection indicates tilt within the GaN epilayer 
while the twist within the GaN crystals are characterized by the linewidth of 
GaN(10-11) reflection. It was observed that twist within GaN crystals reduced 
with increasing mask misalignment. The magnitude of the screw and edged 
type threading dislocations were determined using the formulae proposed by 
Dunn and Kogh 216: 
!!!!!!!!! = ∆!!!4.35!!! !,!!!!!!!!! = ∆!!!4.35!!! !,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 
where ρe and ρs are the edge and screw threading dislocation densities (cm-2), 
respectively, Δωe and Δωs are the FWHM of GaN(0002) and GaN(10-11) 
reflections of GaN, be (bs) is the Burger’s vector of edge (screw) dislocation. 




Figure 6-5. High resolution X-ray Diffraction (HRXRD) 2θ/ω scans of (a) 
GaN(0002) and (b) GaN(10-11) reflections, rocking curves of (c) GaN(0002) 
and (d) GaN(10-11) of all four samples. Edge threading dislocation density 
reduced monolithically with increasing misalignment angle but no systematic 
trend was observed for the screw dislocation. However, sample D showed the 
lowest screw dislocation density. 
 
Table 6-2 Calculated lattice constants of GaN samples from XRD results and 
the linewidth of out-of-plane and in-plane ω-scans. 
Sample Lattice constant/nm FWHM/arcsec Dislocation/*10
10 cm-2 
a c GaN(00.2) GaN(10.1) Screw Edge 
A 3.2042 5.1475 1877 2490 0.70 3.27 
B (2o) 3.2027 5.1601 1594 2275 0.51 2.73 
C (4o) 3.1989 5.1897 1840 2211 0.67 2.58 
D (6o) 3.1890 5.1854 1228 1663 0.30 1.46 
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6.1.4 Evaluation of optical quality of as-grown GaN epilayer by 
PL spectroscopy and Raman scattering 
 
The Raman scattering of the as-grown GaN epilayer of all samples was 
performed with a confocal Raman micro-spectrometer with an excitation 
wavelength of 488 nm. The room temperature (RT) Raman spectra of the GaN 
samples are shown in Figure 6-6(a). Summary of the Raman scattering results 
is tabulated in Table 6-3. It is observed that only E2-high phonon was detected 
for samples A (567.3 ± 0.2 cm-1) and C (566.7 ± 0.1 cm-1). In addition, the E1 
split of the transverse optic (TO) mode was only observed for samples B 
(559.0 ± 0.8 cm-1) and D (560.4 ± 0.2 cm-1). However, the longitudinal optic 
(LO) phonon was observed as an A1 split at 734.5 ± 0.1 cm-1 for only sample 
D.  
 
The E2-high phonon mode is well known that it is sensitive to strain in a 
material; therefore a shift in the E2-high frequency of a sample relative to the 
E2-high phonon frequency of a strain-free bulk GaN indicates the magnitude 
of strain in the sample. According to Harima, 217 the E2-high phonon 
frequency of a fully relaxed bulk GaN is reported as 568 cm-1. All four 
samples exhibited red shifts in their E2-high phonon frequencies indicating 
tensile stress compared to a bulk GaN (568 cm-1) with sample D exhibiting the 




Figure 6-6. (a) Room temperature Raman spectra of all samples showing the 
active Raman phonon modes in accordance with general selection rules and b) 
plot of the linewidth of the E2-high phonon for all GaN samples. The Insert of 
b) is a schematic illustration of the experimental configuration. 
 
The absence of the A1(LO) phonon mode indicate the doping of GaN with Si 
for samples A, B and C, except for sample D. The frequency of the A1(LO) 
phonon mode is known to be affected by the interaction between free carriers 
(plasmons) and phonons in the material. Figure 6-6(b) illustrates the FWHM 
of the E2-high phonon of all the samples. It was observed that the linewidth of 
the E2-high phonon was lower for GaN grown on vicinal surfaces (i.e. samples 
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B, C and D) compared to GaN grown on non-vicinal surface (sample A). The 
narrower E2-high linewidth of 4.2 cm-1 of Sample D unequivocally confirmed 
higher GaN crystal quality compared to the other samples. The insert of Figure 
6-6(b) illustrates the geometric configuration for the Raman measurements 
 
Table 6-3 Summary of the frequency of the Raman active phonons measured 
at room temperature with a 488 nm line excitation. 
Sample E1 (TO)/(cm-1) E2-high/(cm-1) 
[linewidth/cm-1] 
A1(LO)/(cm-1) 
A --- 567.3 ± 0.2  
[12.0] 
--- 
B (2o) 559.0 ± 0.8 567.4 ± 0.2  
[8.04] 
--- 
C (4o) --- 566.7 ± 0.1  
[8.99] 
--- 
D (6o) 560.4 ± 0.2 567.8 ± 0.02 
[4.22] 
734.5 ± 0.1 
  
The photoluminescence (PL) of the GaN samples were investigated by micro-
PL measurements at room temperature (RT). The excitation wavelength 
(energy) used in the PL measurements was 325 nm (3.82 eV) of the HeCd 
laser. The spatial resolution of the micro-PL system employed was 3 µm, thus 
allowing GaN grown on the inclined Si{111} to be selectively probed without 
interference from the polycrystalline GaN that was deposited on the SiNx 
mask for samples A, B and C. Figure 6-7 shows the room temperature PL 
spectra of all the samples that are under investigation in this work. The 
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dominant transition was the near band-edge emission (BE) for all samples (see 
Figure 6-7). The BE peak energies of all samples were in agreement with 
reported data.218 The plot of the integrated intensity of the BE (IBE) peak is 
shown as insert of Figure 6-7. The IBE is known to decrease with TDD,219,220 
suggesting that dislocations act as non-radiative recombination centers.  
 
The origin of YB transition have been suggested to be associated with point 
defects, such as VGaON complexes 221,222,223 and extended defects 224,225. Insert 
Figure 6-7 (b) shows the integrated intensity ratio of BE to YL (IBE/IYB). The 
intensity of YB was reported to increase with increasing dislocation density. 
224,192 Therefore, an increasing IBE/IYB ratio of sample D gives a clear evidence 
of higher optical quality compared to the other samples 
 
The integrated intensity of BE of sample D was about twice higher than that of 
the other samples (i.e. GaN grown on the discontinuous V-grooved Si(100) 
templates). Besides the BE, defect-related emissions identified to be yellow 
band (YB) luminescence and green band (GB) transition were also observed in 
the RT PL spectra (Figure 6-7).  
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Figure 6-7. Room temperature photoluminescence spectra of the GaN samples 
grown on the different Si(100) templates. The near band-edge (BE) emission 
is observed at 3.397-3.429 eV for the four samples. Insert a) is the plot of 
integrated intensity of BE (left-axis) and linewidth of the NBE of the GaN 
samples (right-axis). Insert b) is the plot of the ratio of integrated intensity of 
near band edge emission (BE) to yellow band (YB) luminescence (IBE/IYB). 
 
6.2 Determination of relationship epitaxial tilt and substrate 
offset 
 
Nagai initially addressed the relationship between substrate offset and 
epitaxial tilt for a lattice mismatch epitaxial growth for a GaNxIn1-xAs film on 
GaAs substrate.161 The Nagai theory was later extended to cover lattice-
mismatch epitxial growth for instance GaN film on Sapphire.226 We have 
employed HRXRD reciprocal space maps (RSMs) to determine the epitaxial 
tilt between the GaN epitaxial films and the inclined Si{111} growth surfaces 
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for all four samples as shown in Figure 6-8. It was observed that the AlN 
buffer and GaN epitaxial layers were coincident to one another without any 
tilt. The epitaxial tilt ϕ between the GaN film and Si{111} plane was found to 
increase monotonically with substrate offset α as shown by the graph in Figure 
6-9. However, the values of ϕ of the GaN films deviate from the usual Nagai 
prediction, which is mathematically represented as:161 tan ! = ∆!! tan ! ,                       (3) 
where ∆! ! is the lattice misfit between substrate and epilayer.   
 
Figure 6- 8. Reciprocal space maps of a) sample A, b) sample B, c) sample C 
and d) sample D. The III-nitride films are coincident to each other but tilted 
away from the Si{111} growth plane reflection. 
 
For GaN film grown on the inclined Si{111} facets etched on an on-axis 
Si(100) substrate with predetermined mask alignment, the Nagai model had to 
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be modified by introducing another parameter. The modified Nagai model that 
best fits the results obtained between the mask misalignment and GaN 
epitaxial tilt in this work is given by: 
tan ! = ! ∆! !(!!)! ! tan ! ,      (4) 
 
Figure 6-9. Relationship between the epitaxial tilt and pattern misalignment to 
the Si[011] direction. A monotonic increment is observed with increasing 
pattern misalignment to the Si<011>. The dotted line is to guide the eyes. 
 
6.2.1 Vicinal surface assisted dislocation reduction mechanism 
in GaN epilayer 
 
Reducing the TDD in GaN heterostructures is a key requirement to realize 
high device quality material growth. Samples A, C and D were chosen for 
further TEM investigations to elucidate the HRXRD results on TDD. Figures 
6-10(a) – (f) show the weak beam dark field (WBDF) images of samples A, C 
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and D taken under two-beam condition with both g = 0002 and g = 2-1-10 (for 
[01-10] zone axis). In WBDF mode, dislocations are observed as bright lines 
in the GaN epilayer. According to the visibility criterion (g.b ≠ 0), g = 0002 
and g = 2-1-10 are used to identify the screw-type (c) and edge-type (a) 
dislocations, respectively. It was observed that both the screw- and edge-
component dislocations in GaN were substantially lower in sample D than in 
samples A and C. The threading dislocations in samples A and C are observed 
to move from the AlN buffer into the GaN layer without any unrestricted. 
 
 
Figure 6-10. Cross section TEM dark field view of a) and d) sample A, b) and 
e) sample C and c) and f) sample D showing typical screw and edge 
dislocation lines for a two-beam condition with g = 0002 and g = 2-1-10, and 
bright field view AlN/Si and GaN/AlN interfaces of g) sample A, h) sample C 
and i) sample D.  
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Reduction of both the screw and edge dislocations are observed in sample D 
and this is attributed to the bending of threading dislocation away from the top 
surface (c plane) of the AlN islands that are deposited closest to the stepped 
AlN/GaN interface. The AlN buffer layers of samples A and C have uniform 
thickness while sample D showed 3D-like AlN island buffer layer. 
Interestingly, though vicinal surfaces have been observed in sample C, the 
formation of 3D AlN islands was not observed. On the other hand, in Figure 6-
10(f), the bending of threading dislocations towards the edge facets of AlN 
islands is observed. Thus we postulate that the formation of the 3D AlN island 
is influenced by the dimensions of the terraces and steps. The outline of the 
AlN buffer is indicated by the two dotted lines. The bright field (BF) TEM 
images of samples A, C and D are shown in Figures 6-10(g) - (i), showing the 
AlN/Si and GaN/AlN interfaces. The interfaces between AlN/Si and GaN/AlN 
of sample A are straight unlike samples C and D which are step-like due to the 
vicinal surface morphology of the etched Si{111} facets. In the case of sample 
C, although there are steps on the exposed Si{111}, the nature of the vicinal 
surface did not provide the necessary energy required for the nucleation and 
growth of the islands. The AlN buffer layer of samples A (no misalignment) 
and C (4o misalignment) consists of coalesced pyramidal AlN crystallites of 
uniform height of about 50 ± 10 nm and diameter of 15-20 ± 5 nm (Figure 6-
10(g) and (h)). On the other hand, the AlN buffer layer of sample D consists 
of mainly 3D islands of two different size domains. The diameter of the first 
(domain 1) and second (domain 2) AlN island domains ranged between 20-30 
nm and 150-200 nm, respectively. In addition, the height of the AlN islands of 
domain 1 and 2 ranged between 40-50 nm and 100-200 nm, respectively. The 
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geometric parameters of domain 1 are similar to that of sample A. In addition, 
for domain 2 AlN islands was observed to have nucleated at the steps of 
sample D (Figure 6-10(i)). 
Figure 6-11(a) shows the typical height and length of the steps and terraces, 
respectively on the {111} vicinal surface of sample D from the bottom to the 
top of the trench. The average height and length of the steps and terraces is 17-
20 ± 2 nm and 450 ± 10 nm, respectively. These geometric parameters may 
vary from trench to trench or within a single trench with slight variations due 
to substrate imperfections. Dislocations threading within the AlN 3D island 
was observed under a two-beam condition of [0-110] zone axis with g = 2-1-
10. Bending of the edge threading dislocation towards the AlN(10-11) surface 
was observed in sample D and this is indicated by the broken lines shown 
inside the AlN island. The filtering of the threading dislocations by the AlN 
islands 227 conclusively corroborates the lower TDD already obtained by 
HRXRD. The diffraction contrast associated with variations in the strain fields 
are observed at the interfaces of the AlN and GaN due to the combination of 
islands and film for sample D. These strain field fringes are shown in Figure 
6-11(a) in the region labeled X2. The AlN islands near the step edges were 
observe to be twisted with respect to one another due to variation in boundary 
energy across the vicinal surface. 
 
Figure 6-11(b) and (c) show the schematic model for the dislocation 
movement across the AlN/GaN epilayer of samples A and D, respectively. In 
Figure 6-11(b), it is observed that the dislocations thread unimpeded through 
the GaN layer originating from the highly defective AlN buffer layer in 
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sample A. In this study, we have proposed a mechanism for the reduction of 
TDD in a GaN epitaxial layer grown on Si(100) substrate. The threading 
dislocations are filtered through the AlN islands that nucleated in the 
proximity of the surface steps.  
 
 
Figure 6-11. TEM image of sample D showing the AlN islands that nucleated 
on the stepped etched {111} surface. The dislocations that thread through the 
AlN islands are bent toward the free surfaces. Stacking faults are seen about 
20 nm from the AlN/Si interface into the 3D AlN island (labeled X). The 
average terrace length and height of step are 450 nm and 19 nm, respectively, 
(b) and (c) illustrates the model of dislocation threading in sample A (no 
misalignment) and sample D (misoriented template).  
 
In sample A, about 100% of the threading dislocation originating from the 
AlN buffer emerged into the GaN layer in a straight or slightly tilted direction. 
On the other hand, the dislocation density in sample D is reduced by about 
70% via dislocation bending towards the sidewall of the 3D AlN islands. The 
dislocations moving through the AlN island are bent towards the free facets 
(AlN{10-11}), thus reducing the overall TDD of the GaN epilayer. It is 
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observed that about 70% of the threading dislocations emerging from the base 
of the AlN island diverted to the edge of the AlN island crystal. The density of 
the domain 2 AlN islands on the vicinal Si{111} will thus determine the 
degree of dislocation reduction in the sample. Haeberlen et al. 197 proposed an 
approach for the dislocation reduction by bending dislocations at the interfaces 
of step graded AlGaN layers. Although this method is promising, the main 
problem with it is that the thickness of the device structures may be limited 
since the stress compensating graded AlGaN layers take up a part of the total 
thickness before the substrate cracks under stress. 
 
6.3 Facet controlled III-nitride epilayer grown on an inclined 
Si{111} plane 
 
The final part of this thesis was dedicated to investigate the effect of the 
direction of the trench of sample D to the precursor gas flow near the substrate 
surface on the quality of GaN epilayer and InGaN quantum well (QW) on the 
GaN template. Within the MOCVD growth chamber, a boundary layer is 
created just above the heated substrate and the flow of gases through this 
boundary layer is radial to the substrate. Three different trench orientations to 
this gas lamina flow over the substrate surface were investigated. The 
longitudinal axis of the trench of sample D was aligned parallely (∞, sample 
D1), perpendicularly (90o, sample D2) and obliquely (45o, sample D3) to a 
pre-marked line on the susceptor. Figure 6-12 is the SEM images of the 
AlN/GaN epilayer grown on the exposed Si{111} planes on Si(100) substrate, 
with the substrate oriented at three different angles. It was observed that when 
the longitudinal axis of the trenches are aligned at 45o to the flow of gas 
! 174!
precursors (gauged by the pre-marked line on the susceptor), growth of GaN 
of nearly equal growth coverage was observed on both Si{111} facets exposed 
via KOH anisotropic etching (see Figure 6-12(a)). Furthermore, by aligning 
the trench longitudinal axis at 90o to the gas flow direction, resulted in the 
growth of GaN with different growth coverage on the opposite Si{111} facets 
(see Figure 6-12(b)). Finally, aligning the trench longitudinal axis parallely to 
the gas flow direction resulted in the growth of GaN epilayer on only a single 
sided Si{111} facet with no growth on the opposite facet (see Figure 6-12(c)). 
 
Figure 6-12. SEM images of GaN epilayer on a patterned Si(100) with trench 
longitudinal axis aligned a) 45° b) 90o(perpendicular) and c) ∞ (parallel) to the 
gas flow direction within the thermal boundary over the substrate and d) is a 
schematic representation of the unidirectional flow of gas precursors within 
the boundary layer over the substrate surface. 
 
At the speed of 900 rpm, the opposing Si{111} facets assume either a 
repulsive or attractive towards the precursors gases in an arbitrary manner as 
shown in the Figure 6-13. Although we are unable to predict on which facet 
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the deposition will take place especially for sample D2, it is probable that, the 
surface roughness and quality of the AlN buffer layer play a role. The 
distribution of the forces is dependent on the relative orientation between the 
longitudinal axis of the trench and the flow direction of the precursors.  
 
Figure 6-13. Schematic illustration of the repulsion and attraction of Si{111} 
facets to the growth of GaN epilayer.  
 
Among the three samples D1, D2 and D3, sample D2 had the advantage to 
reduce the overall threading dislocation. This is due to the fact that, the 
merging fronts of the GaN epilayer grown on the two opposite Si{111} for 
sample D1 and D3 are source of threading dislocations.  Based on the above 
observations, four different samples D2w, D2x, D2y and D2z that were 
aligned perpendicularly to the susceptor pre-marked line were prepared. The 
GaN epilayers for samples D2w, D2x, D2y and D2z were grown at different 
GaN growth pressures of 60, 70, 100 and 200 Torr, respectively. Each of the 
four GaN templates was capped with a single InGaN/GaN quantum well 
(QW). The plan view SEM images of the InGaN/GaN QW epilayers grown on 
the GaN template are shown in Figure 6-14. The InGaN QW was grown at 
720 oC and pressure of 150 Torr on all four samples. From Figure 6-14, it is 
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evident that the growth pressure affected the quality of GaN epilayer 
markedly. The surface morphology of the InGaN/GaN QW improved, 
showing smoother GaN(10-11) surface. There is a narrow window for the 
optimized pressure to obtain good quality GaN and high growth selectivity. 
The growth rate of GaN increases with decreasing pressure, however, too high 
growth rates led to the formation of 3D islands as seen for sample D2 (Figure 
6-14(a)). The surface roughness of InGaN QW was higher on GaN template 
grown at 60 and 100 Torr. On the contrary, the InGaN QW surface roughness 
was lower on GaN template grown at 70 and 200 Torr, with sample D2x 
exhibiting a mirror-like InGaN surface.  
 
Figure 6-14. SEM images of InGaN MQW grown on GaN(10-11) template 
grown at a) and b) 60 Torr, c) and d) 70 Torr, e) and f) 100 Torr and g) and h) 
200 Torr. The growth rate of GaN increases with decreasing growth pressure. 
The optimum growth temperature for higher InGaN quality and higher 
selectivity growth on the exposed Si{111} facet is 70 Torr. 
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The InGaN surface on the GaN(10-11) of sample B3w is full of etched pits 
resulting from the high growth rate of 2.4 µm/hr which prevented the complete 
coalescence of GaN and InGaN epilayer. For sample D2y, the InGaN layer 
grown on the GaN(10-11) consisted of InGaN islands with the average 
diameters of 30 – 50 nm. Although the surface of InGaN layer of sample D2z 
was smoother compared to samples D2w and D2y, the selectivity of the 
InGaN layer between the SiO2 mask region and GaN(10-11) was lower in all 
three samples.  
 
The crystal structural quality and the In composition of the InGaN/GaN QW 
samples were analyzed by high resolution X-ray diffraction (HRXRD). A Cu 
X-ray source of wavelength, 1.54 Å was used for the experiment. The 
thickness and composition of the InGaN/GaN QW was estimated from the 
simulation of the (0002) ω/2θ scan of the InGaN/GaN QW. Figure 6-15 
illustrates (0002) ω/2θ scan for the four III-nitride samples D2w, D2x, C2y 
and D2z. The presence of fringes was clearly observable in higher quality 
samples including samples D2x and D2z. Due to the poor material quality of 
samples D2w and D2y, the QW interference fringes were not observed. 
Destructive interference (zero amplitude oscillation) between X-rays reflected 
from the surface of the GaN template and the InGaN/GaN QW is the reason 
for the disappearance of oscillation of fringes. To observe the formation of 
constructive interference (non-zero amplitude oscillation) of the QW 
oscillation fringes, an abrupt and sharp interface between the GaN template 
and InGaN/GaN QW is critical. The insert of Figure 6-15 illustrates the 
determination of the atomic composition and total thickness of the 
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InGaN/GaN QW. The simulation was done with Epitaxy, proprietary software 
provided by PanAlytical. From the simulation of the (0002) ω/2θ of samples 
D2x and D2z, the In contents in InGaN well were determined to be 11.5% and 
9.2%, respectively. The total thickness of the InGaN well and GaN barrier in 
both samples was 12 nm. The higher In content of sample D2x compared 
sample D2z is due to the higher surface quality of the GaN template which 
enhanced the surface migration and incorporation of In adatoms. 
 
Figure 6-15 0002 ω/2θ scan of InGaN single quantum wells grown on a 
GaN(10-11) GaN templates. The insert is the experimental and simulation 
results of sample D2x. The zeroth-order peak position is the mean lattice 
parameter of the InGaN well and GaN barrier. The fringe spacing represents 
the total thickness of the well and barrier. 
 
Photoluminescence is a useful non-destructive tool for studying material 
quality through the analysis of the material’s luminescence processes. A HeCd 
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laser with wavelength of 325 nm was used in this letter to study the room 
temperature luminescence of the InGaN/GaN QW samples. Figure 6-16 
shows the room temperature (RT) micro-photoluminescence spectra of the 
InGaN/GaN QW samples. Three main transitions were observed for the 
various samples in this study; the near band emission (NBE) of the GaN layer, 
band edge emission of InGaN/GaN QW layer and yellow luminescence. The 
NBE of the GaN layer was observed in samples D2w, D2x, D2y and D2z at 
peak wavelengths of 365.46, 364.25, 365.62 and 365.29 nm, respectively. The 
band edge emission of the InGaN/GaN QW was observed in samples D2w, 
D2x and D2z, but absent in sample D2y. The In content of the InGaN well 
was calculated according to the Vegard’s law of energy bandgap [EInGaN = 
EInN.(x) + EGaN.(1-x)-b.(1-x)] with a bow factor of 1.4.181 The In content of the 
InGaN well of samples D2w, D2x and D2z was 5, 11 and 9%, respectively. 
The In content determined by photoluminescence analysis agrees with the 
XRD analysis of the In content in the InGaN wells. The yellow luminescence 
(YL) observed in samples D2w and D2y are defect related emissions. It is 
posited that the YL observed in samples D2w, D2y and D2z is associated with 
extended defects that propagate through these samples due to non-optimized 
growth conditions. The absence of the YL in sample D2x indicate higher 
material quality with lower extended173,228 and point defects171,172. A 
comparison between sample D2x and D2z, however, showed that the optimum 
growth pressure for high quality GaN template is 70 Torr. At this GaN growth 
pressure, the overlaying InGaN well exhited higher In content due to enhanced 
In adatom surface migration and higher band edge peak intensity for the 
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InGaN/GaN QW. The higher peak intensities of the InGaN/GaN QW of 
sample D2x reflected higher radiative recombination efficiency of the QW.  
 
Figure 6-16 Room temperature photoluminescence spectra of InGaN/GaN 
QW. 
 
The presence of silicon dopants in samples D2w, D2y and D2z was evidenced 
by the lower integrated intensity ratio of BE to YB (IBE/IYB) compared to 
sample D. The relative red shift of the BE of the discontinuous V-grooved 
samples (A, B and C) with respect to the continuous V-grooved sample (D) is 
also attributed to the presence of Si doping from the SiNx layer. 
 
Both the screw-type and edge-type dislocations of sample D were reduced by 
more than a factor of 2 compared to the other samples. The threading 
dislocations in sample D that has been observed in the TEM investigation is 
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expected to reduce further with increasing GaN epilayers thickness, since the 
majority of the threading dislocations in sample D did not thread pass 200 nm 
of the GaN thickness. 
 
Steps on vicinal surfaces are known to be favorable sites for nucleation of 
islands.231 The diffusion and nucleation of adatoms are influenced by the 
presence of surface steps.232 Schwoebel noted that the capturing probability, 
diffusion and incorporation of atoms at a step are dependent on the direction 
from which an atom approaches the steps. We believe this could be the reason 
why samples B and C, although they exhibited vicinal surface, did not 
effectively reduce the threading dislocation. The differences in the 
misalignment of the trenches meant the relative direction of the trenches to of 
the precursor atoms in the samples B, C and D vary slightly. The nucleation 
and growth of AlN buffer proceeded with the adsorption and migration of 
adatoms to the step edges and finally aggregated into 3D islands.233 It is 
posited that the large lattice mismatch between AlN and Si and the high 
adatom attachment coefficient of step edges are responsible for the island 
formation. The free surfaces of the faceted AlN island growth provided a 
pathway for the bending of the dislocation towards these free surfaces and thus 
reducing the overall threading dislocation density in sample D compared with 
sample A, that showed no vicinal surfaces. The deployment of an optimum 
mask misalignment on an on-axis Si(100) substrate towards the Si[-110] 
direction is a promising template to obtain high quality GaN epilayer for the 





An approach to reduce the TDD in GaN without the use of complex transition 
layers and interlayers is reported. Vicinal surfaces are mostly observed on 
miscut substrates and have been useful in growing high quality epitaxial films. 
However, the use of miscut substrate is not standard in the CMOS industry. 
By intentionally misaligning the mask patterns on the on-axis Si(100) by an 
angle α, towards the Si[-110] direction, terraces of 450 nm in length and 
surface steps of 19 nm in height were formed on the exposed Si{111}facets 
without the need for a miscut substrate. The etch undercuts also increased with 
misalignment, resulting in continuous V-grooved trench for the sample with 6o 
misalignment while samples with α < 6o exhibited surfaces trenches separated 
by SiNx mask. The optimal misalignment angle, α of the SiNx mask patterns 
necessary for selectively growing of high quality GaN on the exposed Si{111} 
surface was dependent on the width and depth of the trenches on the Si(100) 
substrate. A 6o mask misalignment towards Si[-110] direction was found to be 
the optimal α for a 3.5 µm/3.5 µm [window/ridge] grating patterns employed 
in this work.  
 
The method developed in this chapter has the advantage over other published 
methods in the literature.197,204,205,206 Thicker device structures can be 
deposited since the usual stress compensating and compliant layers do not 
have to be thick in order to adequately block the threading dislocations. Unlike 
the other reports where miscut Si wafers are employed, this chapter focuses on 
nominal cut Si(100) substrates- this will enable a seamless integration on GaN 
devices with CMOS devices. In the last part of this chapter, it was shown that 
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the growth of GaN on the exposed Si{111} facet could be engineered by 
modulating the direction of the trench to the direction of gas precursors over 
the rotating wafer. The growth of GaN on only one Si{111} facet was 
achieved by aligning the longitudinal axis of the trench to be perpendicular to 
the directional flow of the gas precursors over the heated substrate. 
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In this thesis, the two main challenges associated with the current state-of-the-
art technology of integrating GaN devices has been tackled from a pre-growth 
and growth based approaches. Currently there are no commercial GaN devices 
that are built directly on Si(100) substrate. The pre-growth methods involved 
surface patterning, substrate cleaning and substrate pre-treatment annealing 
prior to epilayer deposition. On the subject of growth based approaches in 
solving the challenge, we have demonstrated the effect of growth pressure, 
pretreatment annealing and the spatial aligning of the substrate surface 
patterns relative to gas flow direction within the boundary layer over the 
substrate on the quality of the as-grown III-nitride film. 
 
Due to the difference in atomic packing density of Si crystal along different 
crystallographic directions, it is evident that the chemical reactivity of these 
planes also varies. If the exposed Si area of a hole (stripe) patterned on Si(100) 
substrate reacts with KOH(aq), an inverted pyramid (V-groove) with {111} 
sidewalls is formed on the Si substrate. The array arrangement of holes 
patterned on the masked Si(100) substrate influenced the quality of GaN 
epilayer grown on the {111} sidewalls. It was shown that a triangular array 
arrangement of holes was the desirable pattern array arrangement for growth 
of high quality GaN epilayer. In addition to the array patterns, the etch profile 
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of the inverted pyramid hole affects the quality of GaN epilayer grown on the 
Si{111} sidewalls. When growth was performed on the {111} sidewalls of an 
etched hole with large area of Si(001) at the bottom of the holes resulted in 
poor GaN quality due to the strong competition between the growth on 
the{111} and {001} facets. The poor material quality was evident by the co-
existence on two GaN domains that were seen by the two sets of six (6) 
diffraction peaks for the phi scan of the GaN(10-11) plane. On the other hand, 
GaN that was grown on the Si{111} sidewalls with small area or no {001}Si.  
 
In the last section of chapter four, an alternative hard mask to SiNx was 
studied for selective area growth (SAG). TiN hard mask was investigated for 
its effectiveness to enhance SAG of III-nitride films. TiN formed at 900 oC 
and 200 torr was found to be a the ideal film to prevent the nucleation of III-
nitride films on the TiN coated Si(100) substrate. Thus this material can be 
substituted for SiNx, which was found not to be effective enough under the 
same growth conditions studied in this chapter. TiN is stable material in 
hydrogen and nitrogen ambient and also prevents the inter-diffusion of Si from 
the substrate into the undoped GaN epilayer.  
 
The region where the growing-fronts of GaN epilayer grown on the four {111} 
sidewalls of the etched holes meets shows high threading dislocation density. 
To improve the quality GaN grown on the exposed Si{111} facet, the number 
of this converging area has to be reduced or eliminated. Thus hole patterns are 
replaced with stripe patterns that are oriented either perpendicularly or 
parallely to the crystallographic Si<011> direction. For the deposition of GaN 
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on the stripe patterned Si(100) substrate, crystallographic tilt of the 
GaN(0002) of 0.63 ± 0.02o away from the Si(111) growth plane has been 
reported. On the contrary, for GaN deposited on a conventional Si(111) 
substrate, no observable crystallographic tilt was measured, thus resulting in a 
crystallographic relationship of GaN(0002)//Si(111) between the GaN layer 
and Si substrate. The growth mechanism of GaN on the two substrates are 
found to be different - while growth rate is nearly constant across the entire 
Si(111) substrate, the growth rate on the exposed {111} facets on Si(100) 
substrate varied along the height of the trench. Although the FWHM of the ω-
scan of both symmetric GaN(0004) and asymmetric GaN(10-11) reflection of 
sample A are about twice higher than sample B, it was observed that the 
optical properties and strain state of sample A reflected a material with higher 
quality. From the PL results, it was observed that the semipolar GaN(10-11) 
plane shows weaker free carrier-phonon coupling but the polar GaN(0001) is 
more susceptible to stronger free carrier-phonon interactions. The QE of GaN 
grown on the patterned Si(100) substrate is about 4 times higher than the GaN 
grown on a conventional Si(111) substrate due to the lower DOS of non-
radiative recombination channels in sample A compared to sample B. 
 
The use of slanted {111} facets with its surface steps etched on Si(100) as 
growth surface was much effective for strain relaxation of GaN film. This 
advantage of the patterned Si(100) over a conventional Si(111) substrate 
yielded GaN epilayer with lower tensile strain of 0.52 GPa compared with 
1.41 GPa for GaN simultaneously deposited on conventional Si(111). The 
FWHM of the E2(high) Raman mode at 565.224 ± 0.001 cm-1 of ~1.526 ± 
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0.002cm-1 for sample A is comparable to the best GaN samples grown on 
sapphire ever reported. The mixed dislocation component makes up to 80% of 
the total dislocation within the GaN sample grown on the inclined Si{111} on 
a Si(100) substrate. On the contrary, the edge-type dislocation contributes 70% 
of the total threading dislocation of GaN epilayer grown on the conventional 
Si(111). The high percentage of mixed-type dislocation of sample A may be 
attributed to the nature of the inclined growth surface and the presence of 
crystallographic tilt observed in the GaN(0002) with respect to the Si{111} 
growth plane. For GaN deposited on the exposed (111) facets on the Si(100), 
dislocations originating from the AlN/Si interface did not thread to the 
GaN(10-11) surface. Hence the GaN(10-11) surface obtained by the growth 
method in this chapter may be useful as template for subsequently device 
quality fabrication.  
 
In chapter 5, the vicinal surface that was created on the patterned sample was 
not predetermined. Thus in the penultimate chapter, vicinal surfaces was on 
the exposed Si{111} facets are predetermined and engineered. This method 
propose herewith is an approach to reduce the TDD in GaN without the use of 
complex transition layers and interlayers is reported. Vicinal surfaces are 
mostly observed on miscut substrates and have been useful in growing high 
quality epitaxial films. However, the use of miscut substrate is not standard in 
the CMOS industry. By intentionally misaligning the mask patterns on the on-
axis Si(100) by an angle α, towards the Si[-110] direction, terraces of 450 nm 
in length and surface steps of 19 nm in height were formed on the exposed 
Si{111}facets without the need for a miscut substrate. A 6o mask 
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misalignment towards Si[-110] direction was found to be the optimal α for a 
3.5 µm/3.5 µm [window/ridge] grating patterns. The Raman scattering 
measurements confirmed through the disappearance of the A1(LO) that the use 
of SiNx as a hard mask was responsible for the unintentional doping of GaN 
thin film with Si atoms. The disadvantage with such a phenomenon is that the 
concentration of Si atom dopant cannot be controlled and this might lead to 
unnecessary strain in the GaN epilayer. The free surfaces of the faceted AlN 
island growth provided a pathway for the bending of the dislocation towards 
these free surfaces and thus reducing the overall threading dislocation density 
in sample D compared with sample A, that showed no vicinal surfaces. The 
deployment of an optimal mask misalignment on an on-axis Si(100) substrate 
towards the [-110] direction is a promising template to obtain high quality 
GaN epilayer for the seamless integration of GaN devices with silicon 
 
In the last part of this chapter, it was shown that the growth of GaN on the 
exposed Si{111} facet could be engineered by modulating the direction of the 
trench to the direction of gas precursors over the rotating wafer. The growth of 
GaN on only one Si{111} facet was achieved by aligning the longitudinal axis 
of the trench to be perpendicular to the directional flow of the gas precursors 
over the heated substrate. 
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7.1 Future Perspective 
 
Direct integration of GaN based devices on Si(100) substrate is still in its 
incipient stages. A lot more research and development work are needed before 
the first commercial device can be expected on the market. In spite of the 
growth challenges, we have demonstrated the feasibility of actually obtaining 
high quality GaN grown on Si(100) substrate. However, the threading 
dislocation density and surface morphology of the GaN template and the 
InGaN QWs need to be improved to enable more efficient GaN based devices 
to be fabricated. There are four main areas of advancement that need to be 
accomplished in the future as far as a future outlook is concerned for the 
integration of GaN based devices on Si(100) template.  
 
To begin with, the dimension of the trenches must be scaled down sub 100 nm 
wide to enable quicker film coalescence. The choice of nanoimprinting 
technique used must be one that can yield full wafer scale imprint, such as step 
and flash imprint lithography (SFIL). It is also important for the imprint resin 
to have high etching selectivity during reactive ion etching of the hard mask to 
enable the patterning of the Si substrate surface.  
 
In addition, the development of new and more effective buffer layers that are 
capable of improving the quality of the overlaying GaN epilayer needs to be 
addressed. The conventional AlN, AlGaN or AlN/GaN SLs may not deliver 
the improvement needed to reduce drastically the current TDD of ~109 cm-2 to 
~106 cm-2 in the III-nitride films. Graphene is here recommended as a 
candidate material which can be optimized as a buffer layer for growth of III-
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nitride films on Si(100). The new kind of buffer technology that needs to be 
developed for GaN-on-Si(100) is expected to be simple to grow and capable to 
reduce effectively the TDD and other extended defects in the overlaying GaN 
epilayer.  
 
Furthermore, growing high density GaN nanowires as an intermediate layer 
between the buffer layer and the GaN template can aid in reducing the high 
tensile strain between Si and GaN due to the large lattice constant mismatch. 
Nanowires are grown fully relaxed and have low density of extended defects. 
Last but not least, in Chapter Four, we demonstrated the use of TiN as an 
alternative hard mask to SiNx for high III-nitride film growth selectivity. The 
current challenge is the difficulty in patterning the TiN masked template 
compared with SiO2 or SiNx coated templates. Both the dry and wet etchings 
of SiO2/SiNx are well-established fabrication processes. However, due to the 
fact that hot concentrated acids attack TiN, a more stringent fabrication 
protocol needs to be developed to as an alternative hard mask for growth of 
high quality III-nitride films through selective area growth. Only a few years 
ago, a group of researchers from Samsung Electronics, Korea, reported the 
growth of GaN on amorphous glass substrate.234 Although the report itself 
may not have a far reaching implications on the development of GaN based 
devices, the principles of the growth approach can be adopted to grow GaN 
epilayer on Si(100) substrate, which is bound to have a higher impact in both 
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